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DIAGNOSTIC APPLICATIONS USING NUCLEIC ACID FRAGMENTS
CROSS-REFERENCES TO RELATED APPLICATIONS

[0001] The present application claims priority from U.S. Provisional Application No.
62/450,541, entitled “Diagnostic Applications Using Nucleic Acid Fragments” filed January
25,2017, and 62/507,154, entitled “Diagnostic Applications Using Nucleic Acid Fragments”
filed May 16, 2017; and is a continuation-in-part of PCT application No.
PCT/US2017/058099, entitled “Methods And Systems For Tumor Detection,” filed October

24, 2017, the entire contents of which are herein incorporated by reference for all purposes.
BACKGROUND

[0002] The discovery that tumor cells release tumor-derived DNA into the blood stream
has sparked the development of non-invasive methods capable of determining the presence,
location and/or type of tumor in a subject using cell-free samples (e.g., plasma). Many tumors
can be treatable if detected early in their development. However, current methods can lack
the sensitivity and/or specificity to detect a tumor at an early stage and can return a large
number of false positive or false negative results. The sensitivity of a test can refer to the
likelihood that a subject that is positive for a condition tests positive for the condition.

The specificity of a test can refer to the likelihood that a subject that is negative for a
condition tests negative for that condition. The problems of sensitivity and specificity can be
exaggerated in assays for the early detection of tumors, e.g., because samples on which such
tumor detection methods are performed can have relatively small amounts of tumor-derived
DNA and because the condition itself can have a relatively low prevalence among individuals
tested in the early stage. Accordingly, there is a clinical need for methods having higher

sensitivity and/or specificity for the detection of tumors.
SUMMARY

[0003] Various examples are directed to applications (e.g., classification of biological
samples) of the analysis of the count, the fragmentation patterns, and size of cell-free nucleic
acids, e.g., plasma DNA and serum DNA, including nucleic acids from pathogens, such as
viruses. Examples of one application can determine if a subject has a particular condition. For
example, a method of present disclosure can determine if a subject has cancer or a tumor, or

other pathology. Examples of another application can be used to assess the stage of a
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condition, or the progression of a condition over time. For example, a method of the present
disclosure may be used to determine a stage of cancer in a subject, or the progression of
cancer in a subject over time (e.g., using samples obtained from a subject at different times).

[0003a] In one aspect, the present disclosure refers to a method of analyzing a biological
sample, including a mixture of cell-free nucleic acid molecules, to determine a level of a
cancer associated with a virus in a subject from which the biological sample is obtained, the
mixture including nucleic acid molecules from the subject and potentially nucleic acid
molecules from the virus, wherein the biological sample is blood, plasma, serum, or urine, the
method comprising: for each of a plurality of nucleic acid molecules in the biological sample:
measuring a size of the nucleic acid molecule; determining that the nucleic acid molecule is
from a reference genome, the reference genome corresponding to the virus; determining a
statistical value of a size distribution of the plurality of nucleic acid molecules from the
reference genome; and determining the level of the cancer in the subject by processing the
statistical value against a cutoff value.

[0003b] In another aspect, the present disclosure refers to a method of screening a
biological sample, including a mixture of cell-free nucleic acid molecules, for a cancer
associated with a virus, the biological sample obtained from a subject that is asymptomatic
for the cancer, the mixture including nucleic acid molecules from the subject and potentially
nucleic acid molecules from the virus, wherein the biological sample is blood, plasma, serum,
or urine, the method comprising: receiving a plurality of sequence reads obtained from a
sequencing of the mixture of cell-free nucleic acid molecules; determining an amount of the
plurality of sequence reads aligning to a reference genome, the reference genome
corresponding to the virus; and comparing the amount of sequence reads aligning to the
reference genome to a cutoff value, thereby screening for the cancer, the cutoff value
differentiating subjects that transiently or persistently have the virus but not the cancer and
subjects that have the cancer.

[0003c] In another aspect, the present disclosure refers to a method of analyzing a
biological sample, including a mixture of cell free nucleic acid molecules, to determine a
level of cancer associated with a virus in a subject from which the biological sample is
obtained, the mixture including nucleic acid molecules from the subject and potentially
nucleic acid molecules from the virus, wherein the biological sample is blood, plasma, serum,
or urine, the method comprising: performing a first assay, wherein the first assay comprises
analyzing a first plurality of cell-free nucleic acid molecules from a first biological sample of
the subject to determine a first amount of the first plurality of cell-free nucleic acid molecules
aligning to a reference genome, the reference genome corresponding to the virus; and
performing a second assay, wherein the second assay comprises measuring a size of each of a
second plurality of cell-free nucleic acid molecules in a second biological sample; and
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determining a second amount of a size distribution of the second plurality of cell-free nucleic acid
molecules from the reference genome, the second amount being a statistical value of the size
distribution of the second plurality of cell-free nucleic acid molecules from the reference genome;
comparing the first amount to a first cutoff; comparing the second amount to a second cutoff; and
determining the level of the cancer in the subject based on the comparing of the first amount to the

first cutoff and the comparing of the second amount to the second cutoff.

[0003d] In yet another aspect, the present disclosure refers to a method of analyzing a
biological sample, including a mixture of cell free nucleic acid molecules, to determine a
level of cancer associated with a virus in a subject from which the biological sample is
obtained, the mixture including nucleic acid molecules from the subject and potentially
nucleic acid molecules from the virus, wherein the biological sample is blood, plasma, serum,
or urine, the method comprising: analyzing a first plurality of cell-free nucleic acid molecules
from the biological sample of the subject, wherein the analyzing a cell-free nucleic acid
comprises determining a genomic position in a reference genome corresponding to at least
one end of the cell-free nucleic acid molecule, the reference genome corresponding to the
virus; determining a first amount of the first plurality of cell-free nucleic acid molecules that
end within one or more first windows, each first window comprising at least one of a first set
of genomic positions at which ends of cell-free nucleic acid molecules are present at a rate
above a first threshold in subjects with the cancer associated with the virus; computing a
relative abundance of the first plurality of cell-free nucleic acid molecules ending within one
of the one or more first windows by normalizing the first amount using a second amount of
the first plurality of cell-free nucleic acid molecules from the biological sample, wherein the
second amount of the first plurality of cell-free nucleic acid molecules includes cell-free
nucleic acid molecules ending at a second set of genomic positions outside of the one or more
first windows including the first set of genomic positions; and determining the level of cancer

in the subject by processing the relative abundance against a cutoff value.

[0003e] In yet another aspect, the present disclosure refers to a computer product
comprising a computer readable medium storing a plurality of instructions for controlling a

computer system to perform the method as disclosed herein.

[0003f] In yet another aspect, the present disclosure refers to a computer system including

one or more processors that are configured to perform the method as disclosed herein.
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[0004] According to one example, sequence reads obtained from a sequencing of the
mixture of cell free nucleic acid molecules can be used to determine an amount of the
sequence reads aligning to a reference genome corresponding to the virus. The amount of
sequence reads aligning to the reference genome can be compared to a cutoff value to screen

for the pathology.

[0005] According to another example, sizes of viral nucleic acid molecules (e.g., those

aligning to a reference genome corresponding to the virus) can be used. A statistical value of
a size distribution of the nucleic acid molecules from the virus can be determined. A level of
pathology in the subject can be determined by processing the statistical value against a cutoff

value.

[0006] According to another example, a first amount of cell-free nucleic acid molecules
that end within one or more first windows of a reference genome corresponding to the virus is
determined. Each first window comprising at least one of a first set of genomic positions at
which ends of cell-free nucleic acid molecules are present at a rate above a first threshold in
subjects with a cancer (or other pathology) associated with the virus. A relative abundance
can be computed by normalizing the first amount using a second amount of cell-free nucleic
acid molecules, which includes cell-free nucleic acid molecules ending at a second set of
genomic positions outside of the one or more first windows including the first set of genomic
positions. A level of cancer in the subject can be determined by processing the relative

abundance against a cutoff value.

[0007] Examples can combine various techniques. For example, a first assay can be count-
based, size-based, or fragmentation-based. A second assay can be one of the other techniques.
As examples a majority voting can be used, or cutoff values can be determined for both
techniques, thereby determining a set of data points from the two techniques that correspond

to a particular level of pathology.

[0008] Other examples are directed to systems, portable consumer devices, and computer

readable media associated with methods described herein.
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[000%]  Additional aspects and advantages of the present disclosure will become readily
apparent to those skilled in this art from the following detailed description, wheremn only
ithustrative enmbodiments of the present disclosure are shown and described. As will be
realized, the present disclosure 1s capable of other and different embodiments, and its several
details are capable of modifications in various obvious reapects, all without departing from
the disclosure. Accordingly, the drawings and description are to be regarded as ilustrative in

nature, and not as restrictive.

BRIEF DESCRIPTION OF THE DRAWINGS
[6618] The novel features of the mvention are set forth with particulanity in the appended
claims. A better understanding of the features and advantages of the present invention will be
obtained by reference to the following detailed description that sets forth lustrative
crabodiments, in which the principles of the invention are utilized, and the accompanving

drawings {(also “Figure” and “FI1(.” herein}, of which:

[3611] FIG. 1 depicts a schematic showing Epstein-Barr viras (EBV} DNA fragments from

a nasopharvngeal cancer (NPC) cell being deposited into the bloodstream of a subject.

6812} FIG 2 depicts the concentration of plasma EBY DNA {copies / mL of plasma) in

subjects with NPC and control subjects.

10613} FiGS. 3A and 3B show plasma EBV DNA concentrations measured by real-time

PCR for different groups of subjects.

6814} FIG. 4 depicts the concentration of plasma EBY DNA {copies / mL of plasma) in
subjects with early stage NPC and advanced stage NPC.

361517 FIG. 3 shows plasma EBV DNA concentrations measured by real-time PCR for
(left} subjects persistently positive for plasma EBY DNA but having no ohservable
pathology, and (right) early-stage NPC patients identified by screemng, as part of a validation

analysis.

[B015] FIG. 6 shows plasma EBY DNA concentrations {(copies/milliliter) measured by
real-time PCR in subjocts that are transiently positive or persistently positive for plasma EBVY
DNA (left or middle, respectively) but have no observable pathology, and subjects wdentified

as having NPC.
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[B017] FIG. 7 shows plasma EBV DNA concentrations {copies / milliliter} measured by
real-time PCR in subjects that are transiently positive or persistently positive for plasma EBY
DNA (left or middle, respectively) but have no observable pathology, and subjects identified

as having NPC.

16018] FIGS. 8A and 8B show the proportion of sequenced plasma DNA fragments
mapped to the EBV genome for different groups of subjects.

10019]  FIG. 9 shows the proportion of reads mapped to the EBV genome in plasma for
(left) subjects persistently postitive for plasma EBV DNA but having no ohservable

pathology, and (right} early-stage NPC patients wdentified by screeming,
[6620] FIG. 10 depicts overall survival of subjects with various stages of NPC over time.

06217 FiG. 11 llustrates the cohorts used 1o explore and validate use of a proportion of

sequence reads that align to an EBV genome for sereening NPC.

66227 FIG. 1215 atable showing subject characteristics in the exploratory and validation

sample sets.

16623] FIG. 13A shows the proportions of plasma EBV DNA reads among the total
nuimber of sequenced plasma DNA reads of the NPC paticnts and non-cancer subjects with
transiently positive and persistently posttive resulis in the exploratory dataset. FIG. 13B
shows the proportions of plasma EBV DNA reads of the NPC patients and non-cancer

subjects with transiently positive and persistently positive results in the validation sample set.

16624] TG, 14 shows the proportion of plasma DNA fragments (%) mapped to the EBY
genome in subjects that are transiently positive or persistently positive for plasma EBY DNA

(left or middle, respectively) but have no observable pathology, and subjects identified as

having NPC.

[6025] FIG. 15A shows a proportion of reads mapped to EBV genome in plasma (%) fora
training set of 15 transiently positive samples, 20 persistently positive samples, and 10
samples from confirmed NPC subjects. FIG. 15B shows a proportion of reads mapped to
EBV genome in plasma (%} for a validation set of 56 transiently positive samples, 44

persistently positive samples, and 29 samples from confirmed NPC subjects.
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[0026] FIG. 16 shows the abundance of hepatitis B virus (HBV) DNA fragments in plasma
of HCC group {mean: 0.00047%) is significantly higher than non-HCC groups (mean:

0.021%} including healthy control subjects, HBV carriers, cirrhotic subjects.

(0027} FIG. 17 shows the numbers and proportions of reads aniquely mapped to the HPY

genome of different HPV serotypes for ¢ach clinical case of carcinoma of corvix.

[0028] FIG. 18 shows the numbers and proportions of reads uniquely mapped to the HPY
genome of different HPVY serctypes for cach chinical case of cervical intracpithelial neoplasia

(CIN).

16029] FIG. 19 shows the mumbers and proportions of reads uniquely mapped to the HPY
genome of different HPV serotypes for cach clinical case of HPV positive-head and neck

squamous ceil carcinoma (HPV+ve HNSCC).

00306} FIG. 20 shows the number of plasma HPV fragments and the corresponding HPV

serotypes in the plasma samples of the 9 healthy subjects with at least one plasma HPY DNA,

[0031] FIG 21 shows the median proportions of HPV reads (including all serotypes) in the
plasma DNA samples of patients with carcinoma of cervix, cervical intracpithelial neoplasia
{CIN}, HPV positive-head and neck squamous cell carcinoma (HPV-+ve HNSCC) and healthy

controls.

[0032] FIG. 22 1s a flowchart ustrating a count-based method 2200 using sequence reads
of viral nucleic acid fragments in cell-frec mixture of a subject to screen for cancer according

to embodiments of the present invention.

100331 FIG. 23 shows the size distribution of EBV DNA fragments in a pooled sample
from normal subjects and 6 subjects baving nasopharyngeal cancer (e.g., TBR1344,

TBRI1358, TBRI360, TBR1378, TBR1379, and TBR1390).

[0034] FIG. 24 shows the size distribution of sequenced plasma DNA fragments mapped to
the EBV genome and human genome in 6 subjects having nasopharyngeal cancer (NPC)

{e.g., TBR1344, TBRI358, TBR1360, TBR1378, TBR1379 and TBR1360).

[6035] FIG. 25 shows the size distribution of sequenced plasma DNA fragments mapped to
the EBV genome and human genome in 3 subjects having lvmphoma (TBR1332, TBR1333,
and TBR1551).
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[0036] FIG. 26 shows the size distribution of sequenced plasma DNA fragments mapped to
the EBV genome and human genome in 6 control subjects (AP080, BP0O65, ENO86, BHO3S,
FF159, and GCO3R8).

6037} FIGS. 27A and 27B show the size profiles of sequenced plasma DNA fragments in
subjects having NPC (FIG. 27A) and subjects that are persistently positive for plasma EBV
DNA(FIG. 27B) mapped to the EBV genome and human genome.

10038] FIGS. 28A shows size distributions of EBY DNA (red curve} and autosomal DNA
(black curve} in the plasma of a patient with NPC. FIG. 288 shows size distributions of EBV
DNA (red curve) and human autosomal DNA (black curve) in a non-cancer subject with

persistently posttive plasma EBY DNA results.

[B03%]  FIG. 29A shows the EBV size ratios of cancer and non-cancer cases in the
exploratory sample sct also used for FIG. 13A. FIG. 298 shows the EBV DNA size ratios of
the NPC patients and non-cancer subjects with transiently positive and persistently positive

results in the vahdation sample set also used for FIG. 138,

[6043] FIG. 30 shows the percentage of sequenced plasma EBY DNA fragments below
1530 bp.

[3641] FIG. 31 shows the percentage of EBV DNA fragments below 150 base pairs (bp) in
plasma for {left) subjects persistently positive for plasma EBV DNA but having no

observable pathology, and (right) early-stage NPC patients identified by screening.

G042 FIG. 32 shows the size ratio of plasma EBV DNA fragments between 80 and 110
base pairs in length to avtosomal DNA fragments between 80 and 110 base pairs in length
subjects that are transiently positive or persistently posttive for plasma EBY DNA (leftor
middle, respectively) but have no observable pathology, and subjects identified as having
NPC.

{6843} FIG 33 shows a size index {¢.g., an inverse of the size ratio) in subjects that are
transiently positive or persistently positive for plasma EBY DNA (left or middie,

respectively) but have no observable pathology, and subjects identified as having NPC.

{6044} FIG. 34A shows a size index {¢.g., an inverse of the size ratio) in subjects that are
transiently positive or persistently positive for plasma EBV DNA (left or middle,

respectively) but have no observable pathology, and subjects identified as having NPC (right)
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for a training set. FIG. 34B shows a size index (e.g., an inverse of the size ratio) in subjects
that are transiently positive or persistently positive for plasma EBV DNA (left or middle,
respectively) but have no observable pathology, and subjects identified as having NPC (right)
for a validation set.

[0045] FIG. 35A shows the size distribution of sequenced plasma DNA fragments mapped
to the HBV genome and human genome in an HCC subject. FIG. 35B shows a bar plot of the
percentage of HBV DNA fragments below 150 bp in plasma in (left) subjects having chronic
hepatitis B and (right) HCC subjects.

[0046] FIGS. 36 and 37 show the size distributions of sequenced plasma HPV DNA
fragments and DNA fragments mapped to human genome (autosomal DNA fragments) in 8
subjects having carcinoma of cervix (C-788, C-801, C-803, C-819, C-822, C-877, 3485,
3276).

[0047] FIGS. 38 and 39 show the size distributions of sequenced plasma HPV DNA
fragments and DNA fragments mapped to human genome (autosomal DNA fragments) in 3

subjects having HPV positive head and neck squamous cell carcinoma (HPV+ve HNSCC).

[0048] FIG. 40 is a flowchart illustrating a method of using a size distribution of viral DNA

fragments to determine a level of cancer according to embodiments of the present invention.

[0049] FIG. 41 shows an illustrative example for the definition of intact probability (Py)

according to embodiments of the present invention.

[0050] FIG. 42 shows the frequency of plasma EBV DNA fragments ending on each
nucleotide in the EBV genome for 4 subjects with persistently false-positive plasma EBV

DNA and no observable pathology, and 6 NPC patients.

[0051] FIG. 43 shows a Venn diagram depicting (A) the number of preferred ending
positions specific to subjects not having an observable pathology (383), (B) the number of
preferred ending positions specific to subjects having NPC (383), and (C) the preferred
ending positions shared by both groups of subjects (17).

[0052] FIG. 44 shows a heat map depicting the percentage of fragments ending on either
Set A positions or Set B positions for subjects not having an observable pathology and NPC
subjects. A heat map is depicted for 8 subjects not having an observable pathology (left 8
columns; C1-C8) and 5 NPC subjects (right 5 columns; NPC1-NPCS5). The nucleic acid
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fragments m NPC subjects ending on Set A ending positions are relatively less abundant than

the nucleic acid fragments in NPC subjects ending on Set B ending positions.

{00531 FIG. 45 shows the ratio of the number of fragments ending on Sct B positions
divided by the number of fragments ending on Set A positions {¢.g., B/A ratios) for different

groups of subjects.

[3654] FIG. 46 shows the B/A ratio for {left) subjects persistently positive for plasma EBV
DNA bot haviang 0o observable pathology, and {(right} carly-stage NP patients identified by

screening.

16055] FIG. 47 shows an end ratio {¢.g., a ratio of a number of sequenced plasma EBV
DNA fragments ending on Set B positions and a number of scquenced plasma EBV DNA
fragments ending on Sct A positions) in subjects that are persistently positive for plasma

EBY DNA (left) but have no observable pathology, and subjects identified as having NPC.

[6036] FIG. 48 shows a box and whiskers plot of the number of plasma HBY DNA
fragments ending at HCC preferred ending positions normalized to fragments ending at other

positions in {left) sabjects having chronic hepatitis B and (nighty HCC subjects.

[0057] FIGS. 49A and 49B shows the number of plasma HPV DNA fragments ending at

different posttions of the HPV genome.

[0038] FIG. 50 shows that the coverage of HPY DNA molecules in plasma are uneven

across the whole HPY genomes.

[0058]  FIG. 51 shows that the differential fragmentation patterns can be determined by
comparing the HPV fragment coverages between subjects with cervical cancer (CC) and head

and neck squamous cell carcinoma (HSNCC).

10066 FIG. 52 shows Venao diagrams for an analysis of preferred ending positions of
plasma HPYV DNA reads by sequencing,.

(0061} FIG. 53 15 a flowchart lustrating a method for determining a level of cancerin a

subject based on fragmentation patterns of nucleic acid molecules from a virus according to

embodiments of the present invention.

[6062] FIG. 54 lustrates a quantitative and size profile analysis of plasma EBY DNA in

patients with nasopharyngeal carcinoma and non-cancer subjects.
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{0063 FIG. 55 shows the number of subjects identified as being transiently posifive or
perststently positive for plasma EBV DNA but have no observable pathology, and subjects

identified as having NPC following a first analysis using a proportion of sequenced plasma

DNA fragments mapped to the EBV genome and a subscquent second analysis using a size

(]

ratio.

[0064] FIG. 56A shows a plot of the relationship between the proportions of plasma EBY
reads and corresponding size ratio values for all the cases in the validation sample set. FIG.
36B shows the receiver operating characteristic {ROC) curves for the count-based analysis,

size-based analvsis, combined sequencing analysis, and real-time PCR analysis.

10 [8065] FIG. 57 shows modeling the performance of count-based analysis and size-based
analysis of plasma EBV DNA in the entire 20, 174-subject screening cohort using the cutoffs

from FIG. 56A.

[0066] FIGS. 58 and 59 show the results of a classification and regression tree {CART)

analysis o determine optimal cutoff values in various parameters for distinguishing between

[
(]

sabjects that are transiently positive or persistently positive for plasma EBY DNA but have

no observable pathology, or subjects tdentified as having NPC.

(0067 FIG. 60 15 a flowchart for a method that combined a count-based and a size-based
analysis of viral nucleic acid fragments to determine a level of pathology according to
embodiments of the present invention.

28 10068] FIG. 61 shows a scatter plot of the B/A ratio vs the percentage of EBY DNA
fragments below 150 bp n plasma for {closed circle) subjects persistently positive for plasma
EBY DNA but having no observable pathology, and {open circle) carlv-stage NPC patients

identified by screening.

[6069] FIG. 62 illustrates a systern 5900 according to an embodiment of the present

[\
(]

mvention.

[0076f FIG. 63 shows a block diagram of an example computer system 10 usable with

system and methods according to embodiments of the present invention.
TERMS

I6071] A “tissue” corresponds to a group of cells that group together as a functional unit.

30 More than one type of cells can be found in a single tissuc. Different types of tissue may
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consist of ditferent tvpes of cells (¢.g., hepatocvies, alveolar cells or blood cells), but also
may correspond to tissue from different organisms (host vs. virus) or to healthy cells vs.
tumor cells. The term “tissuc” can generally refer to any group of cells found in the human
body {e.g., heart tissue, lung tissue, kidney tissue, nasopharvngeal tissue, oropharyngeal
tissue}. In some aspects, the term “tissue™ or “tissue tvpe” may be used to refer to a tissue
from which a cell-free nucleic acid originates. In one example, viral nucleic acid fragments
may be derived from blood tissue, ¢.g., for Epstem- Barr Virus (EBV). In another example,
viral nucleic acid fragments may be derived from tumor tissue, ¢.g., EBY or Human

papillomavirus mfection (HPV).

{0072} The term “sample”, “biological sample™ or “patient sample™ 15 meant to imclude any
tissue or matertal dertved from a living or dead subject. A bioclogical sample may be a ccll-
free sample, which may include a mixture of nucleic acid molecules from the subject and
potentially nucleic acid molecules from a pathogen, ¢.g., a virus. A biclogical sample
generally comprises a nucleic acid {e.g., DNA or RNA) or a fragment thereof. The term
“nucleic acid” may generally refer to deoxyribonucleis acid (DBNA), ribonucleic acid (RNA)
or any hybrid or fragment thereof. The nucleic acid in the sample mav be a cell-free nucleic
acid. A sample may be a biguid sample or a solid sample (e.g., a cell or tissue sample). The
biological sample can be a bodily fhud, such as blood, plasma, serum, urine, vaginal fluid,
fluid from a hydrocele (o.g., of the testis), vaginal flushing fluids, pleural fhad, ascitic fhud,
cercbrospinal fhuid, saliva, sweat, tears, sputum, bronchoalveolar lavage fluid, discharge fluid
from the nipple, aspiration fluid from different parts of the body (e.g., thyroid, breast), ¢tc.
Stool samples can also be used. In various embodiments, the majority of DNA in a biological
samplc that has been enriched for cell-free DNA (¢.g., a plasma sample obtained via a
cenirifugation protocol) can be cell-free (e.g., greater than 50%, 60%, 70%, 80%, 90%, 95%,
or 99% of the DNA can be cell-free). The biological sample may be treated to physically
disrupt tissue or cell structure {2 g., centrifugation and/or cell lysis), thus releasing
udracellular components into a solution which may further contain enzyvmes, buffers, salts,

detergents, and the like which are used to prepare the sample for analysis.

PR IEYS

00731 The terms “control”, “control sample”, “reference”, “reference sample”, “normal”,
and “normal sample” may be interchangeably used to generally describe a sample that does
not have a particular condition, or is otherwise healthy. In an example, a method as disclosed
herein may be performed on a subject having a tumor, where the reference sample is a sample

taken from a healthy tissue ot the subject. In another example, the reference sample 1sa
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sample taken from a subject with the disease, e.g. cancer or a particular stage of cancer. A
reference sample may be obtained from the sobject, or from a database. The reference
generally refors 1o a reference genome that 1s used to map sequence reads obtained from

seqguencing a sample from the subject. A reference genome generally refers to a haploid or

(]

diploid genome to which sequence reads from the biclogical sample and the constitutional
sample can be aligned and compared. For a haploid genome, there is only one nucleotide at
cach locus. For a diploid genome, heterozygous loci can be identified, with such a locus
having two alleles, where either allele can allow a match for alignment to the locus. A

reference genome may correspond to a virus, .g., by imchuding one or more viral genomes,

<

{0074} The phrase “healthy,” as used herein, generally refers to a subject possessing good
health. Such a subject demonstrates an absence of any malignant or non-malignant disease. A
“healthy individual™ may have other diseases or conditions, unrelated 1o the condition being

assayved, that may normally not be considered “healthy™.

16075 The terms “cancer” or “tumor” may be used mterchangeably and generally refer to

15 ap abnormal mass of tissue wherein the growth of the mass surpasses and is not coordinated
with the growth of normal tissue. A cancer or tumor may be defined as “benign”™ or
“malignant” depending on the following charactenistics: degree of cellular differentiation
meluding morphology and functionality, rate of growth, local invasion, and metastasis. A
“benign” tamor s generally well differentiated, has characteristically slower growth than a

¢ malignant tumor, and remains localized to the site of origin. In addition, a benign tamor does
not have the capacity to infiltrate, invade, or metastasize to distant sites. A “malignant” tumor
is generallv poorly differentiated (anaplasia), has charactenisticallv rapid growth accompanied
by progressive mfiltration, invasion, and destruction of the surrounding tissue. Furthermore, a
malignant tumor has the capacity to metastasize to distant sites. “Stage” ¢an be used to

25 describe how advance a malignant tumor is. Early stage cancer or malignancy is associated

with less tumor burden in the body, generally with less symptoms, with betier prognosis, and

with better treatment outcome than a late stage malignancy. Late or advanced stage cancer or

malignancy is offen associated with distant metastases and/or lymphatic spread.

[0076] The term “level of cancer” can generally refer to whether cancer exasts (1.,

ey

prasence of absence), a stage of a cancer, a size of tumor, whether there 15 metastasis, the
total tumor burden of the body, and/or other measure of a severnity of a cancer (e.g.,

recurrence of cancer}. The level of cancer may be a number or other indicia, such as
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syvmbols, alphabet letters, and colors. The level may be zero. The level of cancer also
mclades premalignant or precancercus conditions (states) associated with mutations or a
number of mutations. The level of cancer can be used in various wavs. For example,
screening can check if cancer is present i someone who is not known previously to have
cancer. Assessment can investigate someone who has been diagnosed with cancer to monttor
the progress of cancer over time, study the effectiveness of therapies or to determine the
prognosis. In one embodiment, the prognosis can be expressed as the chance of a patient
dving of cancer, or the chance of the cancer progressing afier a specitic duration or time, or
the chance of cancer metastasizing. Detection can mean ‘screening” or can mean checking if
someone, with suggestive features of cancer (¢.g.. svmptoms o1 other positive tests), has
cancer. A “level of pathology” can refer to level of pathology associated with a pathogen,
where the fevel can be as described above for cancer. When the cancer is associated with a

pathogen. a level of cancer can be a type of a level of pathology.

[0077)  The term “fragment” {e.g., a DNA fragment), as used hercin, can refer to a portion
of a polynucleotide or polypeptide sequence that comprises at least 3 consecutive nucleotides.
A vucleic acid fragment can retain the binlogical activity and/or some characteristics of the
parent polypeptide. A nucleic acid fragment can be double-stranded or single-stranded,
methylated or unmethyvlated, intact or nicked, complexed or not complexed with other
macromolecules, ¢.g. lipid particles, proteins. in an example, nasopharyngeal cancer cells can
release fragrents of Epstein- Barr Virus (EBV)Y DNA into the blood stream of a subject, ¢.g.,
a patient. These fragments can comprise one or more BamHI-W sequence fragments, which
can be used to detect the level of tumor-derived DNA in the plasma. The BamBI-W sequence
fragment corresponds to a sequence that can be recognized and/or digested using the Bam-Hi

restriction enzvme. The BamHI-W sequence can refer to the sequence 5°-GGATCC-37,

[0078] A tumor-derived nucleic acid can refer to anv nucleic acid released from a tumor
cell, including pathogen nucleic acids from pathogens in a tumor cell. For example, Epsiein-
Barr virus (EBV) DNA can be released from a cancer cell of a subject with nasopharyngeal

carcinoma {NPC}.

{6079} 'The term “assay” generally refers to a technique for determining a property of a
nucleic acid. An assay {e.g., a first assay or a second assay} generally refers to a technique for
determining the guantity of nucleic acids in a sample, genomic identity of nucleic acids ina

sample, the copy number vanation of nucleic acids in a sample, the methylation status of
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nucleic acids m a sample, the fragment size distribution of nucleic acids in a sample, the
mutational status of nucleic acids i a sample, or the fragmentation pattern of nucleic acids in
a sample. Any assay known to a person having ordinary skill in the art may be used to detect
any of the properties of nucleic acids mentioned herein. Properties of nucleic acids include a
sequence, gquantity, genomic wdentity, copy number, a methylation state at one or more
nucleotide positions, a size of the nucleic acid, a mutation 1o the nucleic acid at one or more
nucleotide positions, and the pattern of fragmentation of a nucleic acid (e.g., the nucleotide
position{s} at which a nucleic acid fragments}. The term “assay” may be used mterchangeably
with the term “method”. An assay or method can have a particular sensitivity and/or
spectficity, and their relative uscfulness as a diagnostic tool can be measured using ROC-

AU statistics.

I6086] The term “random sequencing,” as used herein, generally refers to sequencing
whereby the nucleic acid fragments sequenced have not been specifically identified or
predetermined before the sequencing procedure. Sequence-specific primers to target specific
geng loct are not required. In some embodiments, adapters are added to the end of a fragment,
and the primers for sequencing attached to the adapters. Thus, any fragment can be sequenced
with the same primer that attaches to a same universal adapter, and thus the sequencing can

be random. Massively parallel sequencing may be performed using random sequencing,

[B081] A “sequence read” {or sequencing reads), as used herein, generally refers to a string
of nucleotides sequenced from any part or all of a nucleic acid molecule. For example, a
sequence read may be a short string of nucleotides {e.g., 20-150) sequenced from a nucleic
acid fragment, a short string of nucleotides at one or both ends of a nucleic acid fragment, or
the sequencing of the entire nucleic acid fragment that exists in the biological sample. A
sequence read may be obtained in a variety of ways, ¢.g., using sequencing techniques or
using probes, ¢.g., in hybridization arravs or capture probes, or amplification techniques, such
as the polvmerase chain reaction (PCR) or incar amphfication using a single primer or

isothermal amplification.

{0082} The term “sequencing depth,” as used herein, generally refers to the number of
times a locus 18 covered by a sequence read aligned to the locus. The locus may be as small as
a nucleotide, or as large as a chromosome arm, or as large as the entire genome. Sequencing

we_ %9

depth can be cxpressed as 50x, 100x, cte., where “x” refers to the number of times a locus is

covered with a sequence read. Sequencing depth can also be applied to multiple loci, or the
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whole genome, 1in which case x can refer to the mean number of times the loci or the haploid
genome, or the whole genome, respectively, is sequenced. When a mean depth is quoted, the
actual depth for different loct included in the datasct spans over a range of values. Uhira-deep

sequencing can refer to at least 100x in sequencing depth.

I0083] The terms “size profile” and “size distabution” generally relate to the sizes of DNA
fragments m a biological sample. A size profile may be a histogram that provides a
distribution of an amoont of DNA fragments at a variety of sizes. Various statistical
parameters (also referred to as size parameters or just parameter) can distinguish one size
profile to another. One parameter is the percentage of DNA fragment of a particular size or

range of sizes relative to all DNA fragments or relative 1o DNA fragments of another size or

[B084] An “ending position” or “end position” {or just “end) can refer to the genomic
coordinate or genomic identity or nucleotide identity of the outermost base, 1.¢., at the
extremitics, of a cell-free DNA molecule, e.g., plasma DNA molecule. The end position can
correspond to either end of a DNA molecule. In this manner, if one refers to a start and end of
a BNA molecule, both may correspond to an ending position. In practice, one end position 1s
the genomic coordinate or the nucleotide identity of the outermost base on one extremity of a
cell-free DNA molecule that is detected or determined by an analytical method, such as but
not himited to massively parallel sequencing or next-generation sequencing, single molecule
sequencing, double- or single-stranded DNA sequencing library preparation protocols,
polymerase chain reaction {PCR), or microarray. Such in vitro technigues may alter the trae
in vivo physical end(s}) of the cell-free DNA molecules. Thus, cach detectable end may
represent the biologically true end or the end 18 one or more nucleouides inwards or one or
more nuclectides extended from the original end of the molecule e.g., 57 blunting and 3
filling of overhangs of non-bluni-ended double stranded DNA molecules by the Kienow
fragment. The genomic identity or genomic coordmate of the end position may be denved
from results of alignment of sequence reads to a human reference genome, ¢.g., hgl9. It may
be denived from a catalog of indices or codes that represent the original coordinates of the
human genome. It may refer to a position or nucleotide identity on a cell-free BDNA molecule
that 1s read by but not himited to target-specific probes, mini-sequencing, DNA amplification.
The term “genomic position” can refer to a nucleotide position in a polynucleotide (8.g., a

gene, a plasmid, a nucleic acid fragment, a viral DNA fragment). The term “genonic
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position” 1s not limited to nucleotide positions within a genome {(¢.g., the haploid set of

chromosomes in a gamete or microorganism, or in cach cell of a multicellular organism).

[0085] A “preferred end” (or “recurrent ending position”) may refer to an end that is more

highly represented or prevalent {e.g.

P

as measured by a rate) in a biological sample having a
physiological or pathological {disease) state {¢.g., cancer) than a biclogical sample not having
such a state or than at different time pomnts or stages of the same pathological or physiological
state, ¢.g., before or afier treatment. A preferred end therefore has an mereased bkelithood or
probability for being detected in the relevant physiological or pathological state relative to
other states. The increased probability can be compared between the pathological state and a
non-pathological state, for example in patients with and without a cancer and quantified as
likelihood ratio or relative probability. The likehhood ratic can be determined based on the
probability of detecting at least a threshold number of preferred ends in the tested sample or
based on the probability of detecting the preferred ends in patients with such a condition than
patients without such a condition. Examples for the thresholds of likelibood ratios include but
notmitedto 1.1, 1.2, 13, 14,15, 16,18,2.0,25,30,35,40,45,5,6,8,10,20, 40, 60,
80 and 100. Such likelihood ratios can be measured by comparing relative abundance values
of samples with and without the relevant state. Because the probability of detecting a
preferred end i a relevant physiological or disgase state 1s higher, such preferred ending
positions may be seen in morg than one individual with that same physiological or discase
state. With the mcreased probability, more than one ceil-frec DNA molecule can be detected
as ending on a same preferred ending position, even when the number of cell-free DNA
molecules analyzed is far less than the size of the genome. Thus, the preferred or recurrent
ending positions are also referred to as the “frequent ending positions.” A quantitative
threshold generally reguires that ends be detected at least multiple times {¢.g., 3,4, 5,6, 7, 8,
9, 10, 15, 20, or 50) within the same sample or same sample aliquot to be considered as a
preferred end. A relevant physiclogical state may mchude a state when a person is healthy,
discase-free, or free from a discase of interest. Similarly, a “preferred ending window”

corresponds to a contiguous st of preferred ending positions.

[6086] A “relative abundance” may generally refer to a ratio of a first amount of nucleic
acid fragments having a particular characteristic (e.g., a specified length, ending at one or
more specified coordimates / ending positions, or aligning to a particular region of the
zenome) 1o a second amount nucleic acid fragments having a particular characteristic (c.g., a

spectfied length, ending at one or more specified coordinates / ending positions, or aligning to
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a particular region of the genome). In one exampie, relative abundance may refer to a ratio of
the mumber of DNA fragments ending at a first set of genomic positions to the number of
DNA fragments ending at a second set of genomic positions. In some aspects, “relative
abundance” may correspond to a type of separation value that relates an amount {one value)
of cell-free DNA molecules ending within one window of genomic positions to an amount
{other value) of cell-free DNA molecuoles ending within another window of genomic
posttions. The two windows may overlap, but may be of different sizes. In other
implementations, the two windows may not overlap. Further, the windows may be of a width

of one nucleotide, and therefore be equivalent to one genomic position.

[66877 A “rate” of nucleic acid molecules (¢.g., DNA or RNA} ending on a position relates
to how frequently a nucleic acid molecule ends on the position. For example, the rate may be
based on a number of nucleic acid molecules that end on the position nomalized agaimsta
number of nucleic acid molecules analvzed. As another example, the rate may be based on a
nuntber of nucleic acid molecules that end on the position normalized agamst a number of
nucleic acid molecules that end on a different position. As yvet another example, the rate may
he based on a number of nucleic acid molecules from a first sample that end on the position
normalized against a number of nucleic acid molecules from a second sample (.8, a
reference sample) that end on the position. As vet another example, the rate may be based on
a number of mucleic acid molecules from a first sample that end on a first set of posttions
{c.g., genomic positions within one or more first windows) normalized against a number of
nucleic acid molecules from a second sample (e.g., a reference sample) that end on a second

set of positions.

[6688] The term “classification” can refer to any number{(s) or other characters(s) that are
associated with a particular property of a sample. For example, a “+7 symbol {or the word
“positive”) could signity that a sample is classified as having deletions or amplifications. In
another example, the term “classification” can refer to an amount of tumor tissue m the
subject and/or sample, a size of the tumor in the subject and/or sample, a stage of the tumor in
the subiect, a tumor load in the subject and/or sample, and presence of tumor metastasis in the
subject. The classification can be binary {¢.g., positive or negative) or have more levels of
classification {(e.g., a scale from | to 10 or 0 to 1), The terms “cutoft” and “threshold” refer
to predetermined numbers used in an operation. For example, a cutoff size can refer to a size

above which fragments are excluded. A threshold value mav be a value above or below
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which a particular classification apphies. Either of these terms can be used in cither of these

contexts.

[0089] The term “true positive” (TP) can reter to subjects having a condition. True positive
generally refers to subjects that have a tumor, a cancer, a pre-cancerous condition {e.g., a
precancerous lesion), a localized or a metastasized cancer, or a non-malignant disease. True
positive generally refers 1o subjects having a condition, and are identified as having the

condition by an assay or method of the present disclosure.

[66908] The term “truc negative” (TN} can refer to subjects that do not have a condition or
do not have a detectable condition. True negative generally refers to subjects that do not have
a disease or a detectable disease, such as a tumor, a cancer, a pre-cancerous condition {e.g.. a
precancerous lesion), a localized or a metastasized cancer, a non-malignant discase, or
subjects that are otherwise healthy. True negative generaliv refers to subjects that do not have
a condition or do not have a detectable condition, or are identified as not having the condition

by an assay or method of the present disclosure.

(0091} The term “false positive” (FP} can refer to subjects not having a condition. False
positive generally refers to subjects not having a tumor, a cancer, a pre-cancerous condition
{(c.2., a precancerous lesion), a localized or a metastasized cancer, a non-malignant disease, or
are otherwise healthy. The term false positive generally refers to subjects not having a
condition, but are 1dentified as having the condition by an assay or method of the present

disclosure.

[0092] The term “false negative”™ (FN} can refer to subjects that have a condition. False
negative generally refers to subjects that have a tumor, a cancer, a pre-cancerous condition
(c.2., a precancerous lesion), a localized or a metastasized cancer, or a non-malignant discase.
The term false negative generally refers to subjects that have a condition, but are identified as

not baving the condition by an assay or method of the present disclosure.

[60%3] The terms “sensitivity” or “trae positive rate” (TPR) can refer to the number of true
positives divided by the sum of the namber of true positives and false negatives. Sensttivity
may characterize the ability of an assay or method to correctly identify a proportion of the
population that truly has a condition. For example, sensitivity may charactenze the ability of
a method to correctly 1dentify the namber of subjects within a population having cancer. In
another example, sensitivity may characterize the ability of a method to correctly identify one

or more markers mndicative of cancer.
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[009%4] The terms “specificity” or “true negative rate” {TNR} can refer to the number of
true negatives divided by the sum of the number of true negatives and false posttives.
Specificity may characterize the ability of an assay or method to correctly identify a
proportion of the population that truly does not have a condition. For example, specificity
may characterize the ability of a method to correctly wdentify the number of subjects within a
population not having cancer. In another example, specificity may charactenize the abihity of

a method to comrectly identifv one or more markers indicative of cancer.

10095 The term “ROC” or “ROC curve” can refer to the receiver operator characteristic
curve. The ROC curve can be a graphical representation of the performance of a binary
classifier svstem. For any given method, an ROC curve may be generated by plotting the
sensitivity against the specificity at various threshold settings. The sensitivity and specificity
of a method for detecting the presence of a tumor in a subject may be determined at various
congentrations of tumor-derived nucleic acid in the plasma sample of the subject.
Furthermore, provided at least one of the three parameters (e.g., sensitivity, specificity, and
the threshold setting}, and ROC curve may determune the value or expected value for any
unknown parameter. The unknown parameter may be determined using a curve fitted to the
ROC curve. The term “AUC” or “ROC-AUC” generally refers to the area under a receiver
operator characteristic curve. This metric can provide a measure of diagnostic utility of a
method, taking nto account both the sensitivity and specificity of the method. Generally,
ROC-AUC ranges from 0.5 to 1.0, where a value closer to 0.5 indicates the method has
limited diagnostic utility {e.g., lower sensitivity and/or specificity) and a value closerto 1.0
indicates the method has greater diagnostic utility {e.g., higher sensitivity and/or specificity).
See, e.g.. Pepe ot al, “Lumitations of the Odds Ratio in Gauging the Performance of a
Diagnostic, Prognostic, or Screening Marker,” Am. I. Epidenuol 2004, 159 (9): 882-89(),
which is entirely incorporated hercin by reference. Additional approaches for characterizing
diagnostic utility using likelihood functions, odds ratios, information theory, predictive
values, calibration (including goodness-of-fit), and reclassification measurements are
summarized according to Cook, “Use and Misuse of the Receiver Operating Characteristic
Curve in Risk Prediction,” Circulation 2007, 115: 928-935, which is entirely incorporated
herein by reference.

[0096] “Negative predictive value™ or “NPV™ may be calculated by TN/(TN+FN) or the
true negative fraction of all negative test results. Negative predictive value is inherently

impacted by the prevalence of a condition 1 a population and pre-test probability of the
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population intended to be tested. “Positive predictive value” or “PPVY” may be calculated by
TP/ATP+EP) or the true positive fraction of all positive test results. It is mherently impacted
by the prevalence of the discase and pre-test probability of the population intended to be
tested. See, e.g., O'Marcaigh A S, Jacobson R M, “Estimating The Predictive Value Of A
Diagnostic Test, How To Prevent Misleading Or Confusing Results,” Clin. Ped. 1993, 32(8):

485-491, which is entirely incorporated herein by reference.

{36977 The term “about” or “approximately” can mean within an acceptable error range for
the particular value as determined by one of ordinary skill in the art. which will depend in
part on how the value is measured or determined, 1.¢., the hmitations of the measurement
svstem. For example, “about” can mean within 1 or more than 1 standard deviation, per the
practice in the art. Alternatively, “about” can mean a range of up to 20%, up to 10%, up to
5%, orup to 1% of a given valuge. Altematively, particolarly with respect to biological
systerms or processes, the term “about” or “approximately” can mean within an order of
magnitade, within 3-fold, and more preferably within 2-fold, of a value. Where particular
values are described m the application and claims, unless otherwise stated the term “about”
meaning within an acceptable crror range for the particular value should be asswmed. The
term “about” can have the meaning as commonly understood by one of ordinary skill in the
art. The term “about” can refor to +10%. The term “about” can refer to £5%.

[0098] The ternunology used herein is for the purpose of describing particular cases only
and is not mtended to be imiting. As used herein, the singular forms “a”, “an” and “the” are
intended to include the plural forms as well, unless the context clearly indicates otherwise.
Furthermore, to the extent that the terms “mcluding”, “inchudes”, “having”, “has”, “with”, or
variants thereof are used in either the detatled descniption and/or the claims, such terms are

intended to be inclusive in a manner similar to the teom “comprising.”
DETAILED DESCRIPTION

[6059]  Cuculating cell-froe DNA analysis has been shown to be of value 1 noninvasive
monitoring of cancer treatment response (/—3) and for the detection of cancer recurrence (4—
6). To estend the application of circulating cell-free DNA to cancer screcning, researchers
have to face the challenge of developing assays that are sufficiently sensitive for detecting the

expectedly low concentrations of circulating tumor DNA in early stages of cancer.

[3106] Exiending beyond studies on plasma DNA molecules of human origin, this

disclosure propases that there might be differences in the molecular characteristics between
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viral DNA molecules present in the plasma of persons with or without cancer, ¢.g., between
Epstein-Barr virus (EBV) and nasopharyngeal cancer (NPC). Differences among plasma viral
DNA molecules, if exist, would allow one to better differentiate NPC patients, thus reducing
the talse positive rate and enhancing the positive predictive value (PPV) of a plasma EBV

DNA-based screening test.

{0181  Circulating cell-free EBY DNA is a blood-based biomarker for EBV-related
malignancies (8-70). Its clinical utility in prognostication and surveillance of recurrence of
NPC has been validated (77, 72} using real-time PCR for late stage cases of NPC. But, while
such technigues have identified late stage cases of NPC, current techniques have low PPV for
screening for early stage cases of NPC. The accurate screening of early stage cancer provides
the most benefit for treatment, and thus it 1s desirable to increase the accuracy for such early

stage screening.

[3102]  In thus disclosure, we describe differentiating NPC subjects from non-NPC subjects
with detectable EBV DINA based on the analysis of properties of EBY DNA in a sample
(c.g., acell-free sample, such as plasma or scrum}. Such properties can include a proportion
of sequence reads of nucleic acids from the sample that align to a reference NPC genome; a
size distribution of nucleic acids from the reference NP genome {¢.g., a proportion of
nucleic acid fragments that are below a size threshold); and fragmentation patterns of the
nucleic acid fragments {¢.g., an amount of nucleic acid fragments that end on certain
positions relative to an amount of NPC fragments that end on other positions). Embodiments

can also be applied for the analysis of other types of cancers associated with viral infection.

{0163} To demonstrate the use of plasma EBY DNA for NPC screening, we conducted a
large-scale prospective screcning study which nveolved 20,174 asymptomatic participants
identificd from the community. A significantly higher proportion of carly-stage NPC cases
(stage T or II) were 1dentified in the screened cohort than in a historical unscreened cohort,
The NPC cases identified by screening had longer progression-free survival. These promising
results, together with the noninvasive nature of a blood-based test, would potentially

contribute to widespread use of plasma EBV DNA as a screening tool for NPC.
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I. VIRAL DNA IN CELL-FREE SAMPLES

[6104] Pathogens can invade a ccll. For example, viruses such as EBV can exist within
cells. These pathogens can release their nucleic acids (e.g., DNA or RNA). The nucleic acids

are often released from cells in which the pathogen has caused some pathology, e.g., cancer.

[0105] FIG. 1 shows an NPC cell that includes EBV. An NPC cell may include many
copies of the virus, e.g., 50. FIG. 1 shows nucleic acid fragments 110 of the EBV genome
being released (e.g.. when the cell dies) into the blood stream. Although nucleic acid
fragments 110 are depicted as circular {¢.g., as the EBY genome is circular}, the fragments
would just be part of the EBVY genome. Thus, an NPC cell can deposit fragments of the EBV
DNA into the bloodstream of a subject. This tumor marker can be useful for the monitoring
(Lo et al. Cancer Res 1999; 59: 5452-5453) and prognostication (Lo et al. Cancer Res 2000;

60: 6878-6881) of NPC.

A. Relation of cerfain viruses to various cancers

[0106] Viral mfoctions are implicated in a number of pathological conditions. For example,
EBV infection is closely associated with NPC and natural killer (NK) T-cell lvmphoma,
Hodgkin lvmphoma, gastric cancer, and infectious mononocleosis. Hepatitis B virus (HBY)
infection and hepatitis C virus (HCV) infection are associated with increased nisks of
developing hepatocchular carcinoma (HCC). Human papillomavirus infection (HPV) are
associated with increased risks of developing cervical cancer (CC) and head and neck

squamous cell carcinoma {(HNSCC),

[0187) However, not all subjects that have such an infection will get an associated cancer.
The source of the plasma EBV DNA must be different in persons without NPC. Unlike the
persistent release of EBV DNA into the circulation from NP cells, the source of EBY DNA

only coniributes such DNA transiently n the persons without NPC.

B Detecting viral DNA in cell-free samples

10108] Embodiments can provide methods for detecting and differentiating different
conditions associated with viral infections by analvzing the levels and molecular features of
circulating viral DNA. This may advantageously provide for the detection or screeming of
various pathological conditions using a cell-free sample from a subject, in some cases even

when the subject is not displaying a given pathological condition. This may alsc enable
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monitoring of a progression or regression of the given pathological condition with time, m
some cases during or following treatment. As examples, the miucleic acids of the pathogen
found in the sample {¢.g., plasma or serum) may be: (1) released from tumor tissues; (2)

released from a non-cancer cell, e.g. rest B celis carrving EBV, and (3) contained in a virion.

{6109} The pathogenesis of NPC is closely associated with EBV infection. In endemic
areas of NPC, ¢.g. South China, almost all NPC tumor tissues harbor EBV genomes. In thig

regard, plasma EBV DNA has been established as a biomarker for NPC (Lo et al. Cancer Res

disease in NPC subjects after curative~-intent treatment (Lo ¢t al. Cancer Res 1999; 59:5452-3
and Chan et al. J Natl Cancer Inst 2002;94:1614-9). The plasma EBY DNA in NPC subjects
has been shown to be short BNA fragments of less than 200 bp and is thus unlikely to have

derived from intact virion particles (Chan et al. Cancer Res 2003, 63:2028-32).
1. gPCR assay for late stage

[0118] A real-time quantitative PCR assay can detect late stage NPC using specific regions
of the EBV genome, specifically two regions of the EBV genome, the BamHI-W and the
EBNA-1 regions. There can be about six to twelve repeats of the BamHI-W fragments in
each EBV genome and there can be approxamately 50 EBV genomes in each NPC tumor cell
{Longnecker ot al. Fields Virclogy, 5th Edition, Chapter 61 “Epstein-Bary viras”™; Tiemey ot
al. J Virol 2011; 85: 12362-12375). In other words, there can be on the order of 300-600

(c.g., about 500) copics of the PCR target in cach NPC tumor cell.

{6111} FIG. 2 shows a comparison of plasma cell-free EBV DNA 1 NPC and control
subjocts. The categories {INPC and control subjects) are plotted on the X axis. The Y axis
denotes the concentration of ccli-free EBV DNA (copies of EBY DNA/mi of plasma)
detected by the BamHI-W region PCR system. Similar results were obtamed using the
EBNA-1 PCR that showed a strong correlation with the BamHI-W region PCR data

{Spearman rank order correlation, correlation coefficient 5 0.918; P, 0.0003).

16112] Asshown in FIG 2, cell-free EBY DNA was detectable i the plasma of 96% (35
ot 57} of nasopharvngeal carcinoma (NPC) patients (median concentration, 21058 copics/mli)

and 7% (3 of 43) of controls (median concentration, 0 copies/mi}).

0113} In a further analvsis, Table 1 shows the number of different tvpes of samples

analvzed. In the initial analysis (cobort 1}, six subjects presenting with symptoms compatible
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with NPC, meluding neck lumps, hearing loss and epistaxis were recruited from the ear-nose
and throat (ENT} clinic. The NPC subjects in cohort 1 have advanced disease (late stage) than
those examined m other cohorts that did not present with symptoms. Historical data from the
Hong Kong Cancer Registry shows that 80% of individuals presenting with symptoms and
later confirmed to have NPC had advanced stage NPC at the time of presentation for medical
care. We determined if the concentration of plasma EBV DNA determined by real-time PCR
and massively paraliel sequencing would be usetul for differentiating NPC subjects and those

with false-positive plasma EBV DNA without a cancer.

Type of samples Number of samples
Non-NPC subjects with detectable plasma EBY DNA at 5

enroliment to the study but undetectabie plasma EBV DNA
approximately four weeks later. For these subjects, the
samples collected at enrollment were analyzed. These subjects
are denoted as “transiently positive”,

Non-NPC subjects with persistently detectable plasma EBY 9
DNA at enrollment and approximately four weeks later. For
these subjects, the samples collected at enrollment were
analvzed. These subjects are denoted as “persistently

positive”.

NPC subjects 6

EBY-positive lymphoma subjects (two with NK T-cell 3

lvmphoma and one with Hodgkin lvmphoma)

Subject with infectious mononucleosis 1
Table 1

10114] FIGS. 3A and 3B show plasma EBY BNA concentrations measured by real-time
PCR for different groups of subjects. As shown in FIG. 34, plasma EBV DNA
concentrations were higher in subjects with NPC, lvmphoma, and infectious mononucleosis
compared with those with detectable plasma EBV DNA | but without any observable
pathology. As shown in FIG. 3B, for those subjects with detectable plasma EBY DNA at
enroliment but without any observable pathology, the plasma EBY DNA concentration
measured at enrollment was higher in the subjects with persistently positive results compared
with those who would become negative 1o the follow-up test {i.¢. with transiently detectable

plasma EBYV DNA) (p=0.002, Mann-Whitney test).
Z, gPCR results for early stage
[3115]  FIG. 4 depicts the concentration of plasma EBYV DNA (coptes / mL of plasma} in

subjects with early stage NPC and advanced stage NPC. As shown in FIG. 4, this test plasma

cell-free HBY DNA levels in advanced NPC cases (median, 47,047 copies/ml; interguartile
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range, 17,314-133,766 copies/ml) were significantly higher than those in early-stage NPC
cases {median, 5,918 copies/ml; interquartile range, 279-20,452 copies/ml; Mann-Whitney

rank-sum test, P < 0.001).

[0116] As mentioned herein, the detection of late stage NPC is not as useful as an early
stage detection. The utility of a plasma EBY DNA analvsis using real-time PCR for BamHli-
W fragments was investigated for the detection of early NPC in asymptomatic subjects.
{Chan et al. Cancer 2013;119:1838-1844}. In a population study with 1,318 participants,
plasma EBY DNA levels were measured to imvestigate whether EBY DNA copy number can
be usctul for NPC surveillance. 69 participants (5.2%) had detectable levels of plasma EBV
DNA, of 3 participants ultimately were climcally diagnosed, using nasal endoscopy and
magnetic resonance imaging, as having NPC. Thus, the positive predictive vahie (PPV) of a
single plasma EBY DNA test in this study is about 4%, calevlated as the number of pationts
truly having NPC (n=3} divided by the sum of number of patients truly having NPC and the

number of patients falscly identified as having NPC (n=66}.

[0117] A larger study of 20,174 asympiomatic Chinese males aged between 40 to 62 years
was performed. Out of the recruited 20,174, thers were 1,112 subjects (5.59%) who had
detectable plasma EBY DNA from bascline PCR tests. Among them, 34 subjects were later
confirmed to have NPC. For the remaming 1,078 non-cancer subjects, 803 subjects had
“ransiently positive” plasma EBV DNA results (1., positive at baseline but negative at
follow-up} and 275 had ‘persistently positive” plasma EBV DNA results (i.e., positive at both

baseline and follow-up). A validation analysis was first performed with a sobset of the data.

(0118} FIG. 5 shows plasma EBY DNA concentrations measured by real-time PCR for
(left) subjects persistently positive for plasma EBV DNA but having no observable
pathology. and (right} carly-stage NPC patients identified by screcning, as part of a validation
analysis. Five of the 34 NPC subjects who were identified through the screening of 20,174
asymptomatic subjects were included in this validation analysis. These 5 subjects were
asymptomatic when they joined the study. The plasma samples of these 5 subjects in cohort 2
were persistently positive for EBV DNA, and NPC was subsequently confirmed by
endoscopy and MRE These 5 asymptomatic NPC cases were of sarly stage unlike the 6 NPC
subjects inn cobort 1 who presented to ENT clinics with symptoms and were diagnosed with

advanced stage NPC.
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[011%] FIG. 6 shows a box and whiskers plot of the concentration of EBV DNA fragments
{copres per milliliter) from the plasma of subjects that are transiently positive (n=803) or
persistently positive (n=275) for plasma EBY DNA (Ioft or middle, respectively) but have no
observable pathology, and subjects identified as having NPC (n=34). FIG. 6 shows results for
all of the subjects of the 1,112 subjects who had detectable plasma EBY DNA from baseling
PCR tests. The concentration of EBY DNA fragments {copies per mulliliter} was measured by

real-time PCR analvsis.

[3126] Plasma EBV DNA results were expressed as ‘positive’ or ‘negative’. Here we
reviewed the quantitative fovels of the plasma EBY DNA concentrations between the groups
as measured by real-time PCR (FIG. 6). The mean plasma EBV DNA concentration of the
NPC groap (942 copics/mL; mterquartile range (IQR), 18 to 68 copies/mL) was significantly
higher than those of the “transiently positive” group {16 copies/mL; IQR, 7 to 18 copies/mb)
and ‘persistently positive’ group (30 copics/mL; 10K, 9 to 26 copies/mb) (£ < 0.0001,
Kruskal-Walhis test). However, there is muich overlap in the plasma EBY DNA

concentrations amoung the three groups (FIG. 6).

[6121] FIG. 7 shows plasma EBV DNA concentrations (copies / miulliliter) measured by
real-time PCR in subjects that are transiently positive or persistently positive for plasma EBY
DNA (Ieft or nuddle, respectively) but have no observable pathology. and subjects dentified
as having NPC. In this cohort of 72 subjects, there was no statistically significant difference
in the plasma EBV DNA concentrations measured by real-time PCR among different groups

of subjects (p-value = 0.19; Kruskal-Wallis test}.
3. Two assay analysis for early stage

[0122] The real-time polymerase chain reaction (PCR) assay used in the prospective
screening study was shown to be highly sensitive o the detection of plasma EBY DNA even
from small tumors. However, there is room for improvement with respect to the test
specificity. The peak age-specific mncidence of NPC in Hong Kong is 40 per 100,000 persons
{13} but approximately 3% of healthy population has detectable levels of EBV DNA
plasma (8, /4. The screcning study vielded a positive predictive value (PPV} of 3.1% when
plasma EBV DNA assessment by the real-time PCR assay was performed on onc occasion

per participant (7).
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{01231  Given the low PPV of the real-time PCR assay, the utility of two assays at two
times was investigated. For example, the above previous study showed that EBY DNA
tended to be persistently detectable in the plasma of NPC subjects, but appeared transientlv in

the plasma of non-cancer subjects.

16124] 'To investigate if plasma EBY DNA is useful for the screening of early NPC in
asymptomatic imdividuals, we have screened 20,174 subjects without symptoms of NPC
using plasma EBV DNA analysis. Sabjects with detectable plasma EBYV DNA were retested
in approximately 4 weeks later with a follow-up plasma EBV DNA analysis. Subjects with
persistently positive results on the two serial analyses were further investigated with nasal
endoscopic examination and magnetic resonance imaging (MRI} of the nasopharvnx. Out of
the 20,174 subjects recruited, 1,112 were positive for plasma EBV BNA at enrollment.
Among them, 309 were persistently positive on the follow-up test. Within the cohort of
subjects who were persistently positive for EBV DNA in plasma, 34 were subsequently
confirmed of having NPC after being mvestigated with nasal endoscopic examination and

MRI.

{0125} 'The two time-point testing approach indeed reduced the false-positive rate from
5.4%to 1.4% with a resultant PPV of 11.0%. These results showed that the retesting of the
subjects with initial positive plasma EBV DNA results could differentiate NPC subjects from
those with transiently positive results and substantially reduce the proportion of subjects
requiring the more invasive and costly investigations, namely endoscopy and MRI. However,
the scquential testing of plasma EBV DNA requires the collection of an additional blood

sample from subjects with initial positive results, which can present logistical challenges.

16126] While the PPV of testing on two occasions fared well in comparison with
population screening modalitics for other cancers (/6), in this study we asked if there mught
be strategies for turther enhancing the PPV for NPC screening by plasma EBV DNA
analysis, g.g., by developing new assays that can be used as a standalone test. These
improvements might allow us to replace the two time-point testing protocol with one based

on testing at a single time-point.
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. Initial sequencing analysis of early stage and late stage cancers using viral

DNA

{0127} In some cases, an assay to screen for a condition (e.g., tumor, ¢.g., NPC) after an
wutial assay (e.g., gPCR assay} or instead of gPCR can comprise using massively paraliel
scquencing to assess proportion of sequence reads from a sample that map to an EBV

reference genome.

[0128] 'To analyze the cell-free viral DNA in plasma, targeted sequencing with capture
enrichment with specifically designed capture probes was used. These capture probes covered
the whole EBV genome, the whole HBV genome, the whole HPV genome and maltiple
genomic regions in the human genome (including regions on chrl, chr2, chr3, chrs, chrs,
chris and chr?22). For each plasma sample analvzed, DNA was extracted from 4 mL plasma
using the QlAamp DSP DNA blood munt kit For each case, all extracted DNA was used for
the preparation of the sequencing bibrary using the KAPA library preparation kit. Twelve
cyeles of PCR amplification were performed on the sequencing library using the KAPA PCR
amplification kit. The amplification products were captured using the SEQCAP-EZ kit
(Nimblegen} using the custom-designed probes covering the viral and human genomic
regions stated above. After target captunng, 14 cycles of PCR amplification were performed
and the products were sequenced using the Tllumina NextSeq platform. For each sequencing
run, four to six samples with unique sample barcodes were sequenced using the paired-end
mode. Bach DNA fragments would be sequenced 75 nucleotides from each of the two ends.
After sequencing, the scquenced reads would be mapped to an artificially combined reference
sequence which consists of the whole human genome (hgl9), the whole EBV genome, the
whole HBYV genome and the whole HPV genome. Sequenced reads mapping to unique
position in the combined genomic sequence would be used for downstream analysis. The

median number of uniquely mapped reads i1s 33 million {range: 15 ~ 141 million).

i. Late stage

16129] FIGS. 8A and 8B show the proportion of sequenced plasma DNA fragments
mapped to the EBV genome m plasma for different groups of subjects. The subjects

correspond to cohort 1, same as FIGS. 3A and 3B,

10136 As shown in FIG. 8A, using massively parallel sequencing following target capture,

the proportions of reads uniguely mapped to the EBY genome were higher in subjects with
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NPC, lymphoma and infectious mononucleosis compared with those with detectable plasma
EBY DNA at enrollment but without any observable pathology. As shown in panel B, for
those subjects with detectable plasma EBY DNA at enroliment but without anv observable
pathology, the proportion of reads mapped to the EBV genome measured at enrollment was
higher in the subjects with persistently positive results compared with those who would
become negative in the follow-up test (1.e. with transiently detectable plasma EBY DNA) (p
= (.002, Maon-Whitoney test). The difference between subjects with transiently and
persistently positive results is greater using the measurement of the proportion of reads
uniquely mapped to the EBV genome compared with the concentration of plasma EBYV DNA

measured using real-time PCR (19.3 folds vs 1.7 folds).

(0131} FElevated plasma EBV DINA is associated with NPC. Previous studies compared
NPC cases and healthy controls who are mostly negative for plasma EBYV DNA . FIGS. 3A,
3B, 84, and 8B provide a quantitative comparison between NPC cases and the non-NPC
cases who are false-positive for plasma EBV DNA. Technigques described below allow for
increased accuracy in discriminating between subjocts with a3 pathology and those without,
thereby reducing false-positives. In the context of EBV DNA the term “false-positive”™ can
mean that the subject has detectable plasma EBY DNA but the subject does not have NPC
{an example of a pathology associated with the pathogen). The presence of plasma EBY

DNA 1s true, but the identification of the associated pathology (e.g., NPC) may be false.
2. Early stage

(6132} FIG. 9 shows the proportion of reads mapped to the EBV genome in plasma for
(left) subjects persistently positive for plasma EBV DNA but having no observable
pathology. and (right) carly stage NPC subiects. The subjects correspond to cohort 2, same as
FiG. 5.

3133} 'The plasma samples were sequenced after target enrichment as described above. For
the five NP subjects in cohort 2, while their plasma samples were persistently positive for
EBV DNA, the EBV DNA concentration did not show significant difference compared with
the 9 subjects with false-positive plasma EBV DNA results based on real-time PCR analysis
(P=0.7, Mann-Whitney test). Plasma EBY DNA concentration is known to correlate with the
stage of NPC. Thus, it 15 not unexpected that the carly stage NPT subjects had lower levels of

plasma EBY DNA.
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[0134] The proportion of sequenced plasma DNA reads mapped to the EBV genome were
not significantly different between the false-positive cases and the cohort 2 NPC cases. These
initial data suggest that the approaches shown m FIGS. 5 and 9 may not work well in
ditferentiating false-positives from the early stage NPCs. But, this was for a small sample

size. Further results for sequencing are discussed in the next section,
. Benefiis of early stage diagnosis

0135} FIG. 10 depicts the overall survival of NPC patients at various stages of cancer, and
the stage distrnibution of NPC in Hong Kong, respectively. In some embodiments, methods of
the present disclosure can be useful in reducing the number of patients that reach a higher

stage of cancer, thereby increasing their overall survival probability.
i, COUNT-BASED ANALYSIS OF VIRAL DNA

[0136] As shown in our prospective large scale screeming study of 20,174 asymptomatic
individueals, the presence or absence of detectable plasma EBVY DNA sequences as
determined bv real~time PCR could detect 97.1% of the asymptomatic NPC cases with a
false-positive rate of 5.4% if testing was performed on just one occasion. 71% of the
asymptomatic NPC cases were confirmed by nasal endoscopy and/or magnetic resonance
imaging to be of early stage (stages | and H). To further improve the PPV for detecting early
stage NPC or to reduce the false-positive rate, we investigated if plasma EBY DNA
quantification by real-time PCR would be of value. The real-time PCR analysis of plasma
EBY DNA quantification for early stage detection of NPC (FIGS. 5-7) shows that real-time
PCR provides limited ability differentiate between screened subjects that are asymptomatic
and are true positives for NPC from those who are false-posttives. A small sample size for
targeted sequencing (FIG. 9) also suggested that a proportion of sequence reads mapped to
EBY genome in plasma would likely not provide sufficient differentiation as a standalone
test. However, we now have the validated PPV, sensitivity and specificity values for the
sequencing gquantification and show that it 1s effective even on its own. For count-base

analysis alone, sensitivity is 97.1%, specificity 5 97.4% and PPV 18 6.1% (Fable 4},

[0137)  We used targeted sequencing to capture and measure the abundance of EBYV DNA
in plasma of subjects with and without NPC using the samples of the 20,174 subjects
identified above. An aim is to identify plasma EBV DNA molecular characteristics that

would ideally maintain the sensifivity but offer enhanced specificity in differentiating persons
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with NPC from the ~3% of the population who do not have NPC but have positive plasma
EBY DNA (8, 714},

A Proportion of sequence reads — exploration and validation

[3338]  This large set of samples from the screening study of 20,174 subjects was used 1o
5 determing whether a proportion of sequence reads from a sample could provide accurate
results. An initial set of samples was used in an exploration mode to determine a model (e.g.,
a cutoff value) for inttially identifving whether a subject has cancer. A second set of samples
is used in a validation mode to determine an accuracy of the results of the model (¢.g., cutoff
value) determined from the discovery mode. Although this section focuses on EBV and its

10 association to NPC, the discussion applies to other associations between a virus and a cancer.

31391 FIG. 11 illustrates the cohorts used to explore and vahidate use of a proportion of
sequence reads that align to an EBVY genome for screening NPC. In the sereening study,
20,174 subjects were recruited and all received a baseline test for plasma EBY DNA by real-
time PCR. 1,112 subjects had detectable plasma EBY DNA at baseline. Among them, 34

15 subjects were confirmed to bave NPC. For the remaining 1,078 non-cancer subjects, 803
subjects had “transiently positive” plasma EBV DNA results (i.¢.. positive at bascline but
negative at follow-up) and 275 had ‘persistently positive” plasma EBY DNA results (e,

positive at both baseline and follow-up).

[6348] We randomly selected plasma sampies of cancer and non-cancer subjects and

20 distributed them into the exploratory and validation sample sets for the current study.
Samples in the two sets did not overlap. Al the 34 NPC cases from the screening study had
been analvzed either as part of the exploratory or validation sample sets. An additional 31

NPC patients from an independent cohort were included in the validation sample set.

16141] Speatically, we randomly selected 10 NPC patients and 40 non-cancer subjects (20

e
W

with transiently positive and 20 with persistently positive EBV DNA results) from the
screening study to be included in the exploratory sample set. Among the 10 randomly
selected NPC subjects, 5 had stage I, 2 had stage 1L, 2 had stage 1if and 1 had stage IV

diseases.

10142]  In the validation sample set, we included the remaining 24 patients with NPC and
30 randoraly selected 232 non-cancer subjects. These 237 non-cancer subjects included 159

subjects with transiently positive and 73 with persistently positive plasma EBYV DNA resuits.
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The ratio of the “transiently positive” group to the ‘persistently positive” group 13 similar to
the actual ratio observed in the screening study requiring two assays. Subjects in the

validation group did not overlap with those m the exploratory group.

[0143] We have also included 31 other NPC patients from an external onscreened
population in the validation sample set. Among the 24 NPC patients from the screening
cohort, 11 had stage I, 6 had stage I, 6 had stage Tl and | had stage 1V diseases. There is no
statistically significant difference i the distribution of NPC patients with early (stages T and
i) and late {stages 1 and 1V) stage disease from the screening cohort between the
cxploratory and validation sample sets (7=1.0, Fisher’s exact test). Among the 31 NPC
patients from the external cohort, there were 3 patients with stage I, 2 with stage H, 20 with

stage 1 and 6 with stage IV discases.

[3344] FIG. 12 15 a table showing subject characteristics in the exploratory and validation
sample sets. There is no statistically sigmificant difference in the plasma EBY DNA
concentrations measured by real-time PCR among the selected NPC patients in the
cxploratory set and those in the validation set from the screening cobort (£=0.2, t-test). There
18 no statistically significant difference in the plasma EBV DNA concentrations measured by
real-time PCR between these selected 232 non-cancer subjects and all non-cancer subjects in

the screening cohort (7=0.07, t-test).

[3145] The sequencing analyses were performed on the baseling (first time-point) sample
collected at the time of cnrollment into the prospective screcning study. For all the samples in
the exploratory and validation sample sets, the median number of mapped reads per sample

was 70 million (intergquartile range (IQR), 61 mullion to 85 million).

[3146] Plasma DNA molecules were captured by probes covering the entire EBY genome
and portions of human chromosomes 1, 2, 3, 5, &, 15 and 22, and then sequenced. Plasma
EBY DNA reads refer to plasma DBNA fragments that were sequenced and mapped to the
EBV genome. We measurced the proportion of EBYV DNA reads among the total number of
aligned DNA reads after removal of PCR duplicates (e.g., as deternuned by same start and

end coordinates). Such a technique may be referred to as the count-based analysis.

[3147] FIG. 13A shows the proportions of plasma EBV DNA reads among the total
number of sequenced plasma DNA reads of the NPC patients and non-cancer subjects with
transiently positive and persistently positive results in the exploratory dataset. Using the data

derived from the exploratory sample set, cutoff values in the count-based and size-based
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analyses were defined 1o achieve 100% sensiivity for capturing all the NPC cases. In the
count-based analysis, a cutoff value was defined at 3 standard deviations below the mean of
the loganthmic values of portion of EBV DNA reads of these 10 NPC patients in exploratory

dataset. The cutoff value of 4.5 x 10 is denoted by the red dotted line 1310,

(6148} Using this cutoff value, 13 of the 20 subjects with trassiently positive and 15 of the
20 subjects with persistently positive EBV DNA results passed the cutoff in the count-based
analysis. Patients with NPC (median, 7.6 x 107, IQR, 6 2x 107 t0o 1.1 x 10 had a
statistically significantly higher proportion of EBV DNA reads than non-cancer subjects with
transiently positive {median, 6.9 x 10 IQR, 1.1 x 16 t0 1.9 x 107, P=0.0005, Kruskal-
Wallis test) and persistently positive results (median, 3.0 x 107, IQR, 4.5 x 10%t0 5.8 x 107,
P=0.04, Kruskal-Wallis test).

[314%] FIG. 13B shows the proportions of plasma EBV DINA reads of the NPC patients
and non-cancer subjects with transiently positive and persistently positive results in the
validation sample set. The same cutoff value of 4.5 x 10 defined in exploratory dataset is

denoted by the red dotted line 1320,

[61586] Woe analyzed the proportions of EBY DNA reads in all the sampies from the
validation sample set. There were significantly higher proportions of EBY DNA reads from
samples of NPC patients from both the screening cohort {median, 2.2 x 104 IQR. 8 9 x 107
to 1.5 x 107} and the external cohort (median, 1.7 x 107; IQR, 2.5 < 100 5.4 x 107) than
samples of non-cancer subjects with transiently (median, 2.1 x 105 IQR, 6.5 x 1070 8.0 x
10°%; P<0.0001) and persistently positive results (median, 2.4 x 107, IQR, 1.1 x 1070 5.0 x
1073, P=0.0044). With the cutoff value of 4.5 x 10 defined in the exploratory dataset, all the
samples of NP patients from both coborts could be captured and had proportions of EBY
DNA reads higher than the defined cutoff value. There were 56 {out of 159) subjects with
transiently positive results and 64 {out of 73) subjects with persistently positive resulis who

passed the cutoff in the count-based analysis.
B Further Results
{3151} The analysis above illustrates that a proportion of sequence reads m a cell-free

sample that align to the EBV genome can provide a usetul standalone test to screen eardy

stages of NP, Further results are provided for EBY, HBV, and HPV,
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i. EBY

{0152} FIG. 14 shows the proportion of plasma DNA fragments (%) mapped to the EBV
genome in subjects that are transiently positive or persistently positive for plasma EBY DNA
(left or nuddlie, respectively) but have no observable pathology, and subjects identified ag
having NPC. The cohort used for FIG. 14 is the same cohort used for FIG. 7. The scparation
between NPC and the persistently positive subjects is clearly better for the sequencing results

in FIG. 14 than the real-time PCR quantitative results m FIG. 7.

[6133] Using massively parallel sequencing following targeted capture and sequencing of
DNA fragments, there was a statistically sigmficant difference in the EBV guantity as
deduced from the proportion of reads uniquely mapped to the EBV genome among all
sequenced reads {(p-value = 0.01; Kruskal-Wallis test). By applyving a cutoff value of §.0009%
(9 x 10 in anits of FIG. 13A) for the proportion of plasma EBV DNA fragments among all
the scquenced reads, subjects with NPC and persistently positive plasma EBYV DNA from the
majority of subjects with transiently positive plasma EBY DNA results were able to be
differentiated. The proportion of EBV reads in plasma was highest m the group of subjects
having NPC. The proportion of plasma EBYV DNA fragments measured at enrollment was
higher in the subjects with persistently positive results compared with those who would

become negative in the follow-up test (1.c. with transiently detectable plasma EBY DNA).

10154} Fi. 15A shows a proportion of reads mapped to EBVY genome in plasma (%) for a
training set of 15 transicntly positive samples, 20 persistently positive samplces, and 10

samples from confirmed NPC subjects. There was a statistically significant difference m the
EBV guantity as deduced from the proportion of reads uniquely mapped to the EBV genome

among all sequenced reads (p-value < 0.0001; Kruskal-Wallis test).

I3155]  In the example shown in FIG. 154 a cutoff value of 0.0009% was set to capture all
the NPC patients. By applying a cutoff value of 0.0009% for the proportion of plasma EBV
DNA fragments among all the sequenced reads, subjects with NPC and persistently positive
plasma EBY BNA from the majority of subjects with transiently positive plasma EBY DNA
results were differentiated. The proportion of EBV reads in plasma was highest in the group
of subjects having NPC. The proportion of plasma EBY DNA fragments was higher in the
subjects with persistently positive results compared with those with transientlv detectable

plasma EBY DNA. In some embodiments, those samples with values above the 0.6009%
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cutoff value (5 transiently positive samples; 13 persistently positive samples, and 10 NPC

samples) could be evaluated using a size analysis, as described in section V. AL

{0186} FIG. 15B shows a proportion of reads mapped to EBV genome in plasma (%) fora
validation set of 56 transiently positive samples, 44 persistently positive samples, and 29
samples from confirmed NPC subjecis. There was a statistically significant difference in the
EBY quantity as deduced from the proportion of reads uniquely mapped to the EBV genome
among all sequenced reads (p-value <0.0001; Kruskal-Wallis test). By applying a cutoff
value of 0.0009% for the proportion of plasma EBY DNA fragments among all the
seguenced reads, subjects with NPC and persistently positive plasma EBY DNA from the
majority of subjects with transiently positive plasma EBY DNA results were able to be
differentiated. The proportion of EBV reads i plasma was highest in the group of subjects
having NPC. The proportion of plasma EBY DNA fragments was higher in the subjects with
persistently positive results compared with those with transiently detectable plasma EBV
DNA. The samples above the cutoff value were: 18 transiently positive samples; 35

persistently positive samples, and 29 NPC samples.
2. HBY

[0187)  FIG. 16 shows the abundance of hepatitis B virus (HBV) DNA tragments n plasma
of HCC group {mean: 0.00047%) is significantly higher than non-HCC groups (mean:
(.021%:;} including healthy countrol subjects, HBY casriers, cirrhotic subjects. The percentage
of HBV DNA fragments in HCC was 45 times higher than that of non-HCC subjects. These
data show that the guantitative assessment of plasma HBV DNA molecules would offer high

sensitivity and specificity for the detection of HCC.
3. HPV

[0158] A seguencing assay can be used in a way similar to that described herein for EBV 1o
measure an amount of tumor-associated HPY DNA in a sample. Such analysis can be
especially useful for screening of cervical cancer {CC) and head and neck squamous cell
carcinoma {HNSCC). In one example, a targeted sequencing assay targets a region (e.g., 200
nucleotides) within the polymorphic L1 region of the HPV genome. More specifically,
capture probes can be used that selectively hybridize to sequences that encode one or more

hypervarable surface loops in the L1 region.

[0189] Table 2 below illustrates that HPY DNA m plasma is detectable by sequencing.
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0166} Plasma samples from 23 mdividuals without cancer (healthy controls or chronic

HBYV carriers) or with various cancers (NPC, HCC, CC, HNSCC) were analyzed by targeted
sequencing using the capture probe design as shown in Table 3, provided below. The
sequence reads were aligned to the HPV genome and counted. The data show that plasma
DNA fragments derived from HPV are detectable in plasma of patients with HPV-related CC
or HNSCC but not in any of the other patient groups. The amount of plasma HPV DNA
fragments can be expressed in terms of absolute number per volume detected fron the
amount of sequencing performed or be oxpressed as a proportion to the amount of other non-

HPV derived sequence reads.

[0i61]  Asshown in Table 2, the presence of the amount of plasma HPV DNA sequences
above a threshold established from healthy mdividuals or individuals without HPV -related
cancers can provide evidence for the presence of the HPV-related cancer. In this analysis, CC
and HNSCC arc the HPV -related cancers while NPC and HCC are the non-HPV related
cancers. In this analvsis, a cutoff > § fragments mapped to HPV or > 0% reads mapped to

HPV was used. Other methods to establish reference values or cutoffs based on data from
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individuals without HPV-related cancers, including ROC analysis, > 90™ percentile, > 990
percentile, > 2 standard deviations or > 3 standard deviations above the mean, for example,

can be used.

(0162} The difference in range of abundance of plasma HPV DNA sequences in a sample
can be reflective of the stage of the HPV-related cancer. Additionally, the difference in the
order of magnitude of the plasma HPY DNA sequences can be reflective of cancers of
different tissue ongin. For example, Table 2 shows that the amounts of plasma HPV DNA

sequences are generally higher in samples of CC patients than those of HNSCC patients.

18163] Sequence variants among the plasma HPV BNA sequences can allow one to
determine the serotype or genotype of HPVY and further provide evidence for the high
likelthood of the cancer diagnosis. For example, CC 1s typically associated with HPV types

16 and HPV type I8,

10164} In a further analysis, Table 3 shows the nomber of patients with different types of

HPV-related malignancies analyzed.

PCT/CN2018/074138
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6165} FiG. 17 shows the numbers and proportions of reads uniguely mapped to the HPY
genome of different HPV serotypes for each clinical case of carcinoma of cervix. For cach
chnical case, plasma DNA was extracted from 1 mL plasma. Using massively parallel
sequencing following target capture, the number of reads uniguely mapped to the HPV
genome for cach case was derived. The proportion of plasma HPVY reads (reads uniguely
mapped to the HPV genome) among all mapped reads (1.¢. mapping 1o both human and HPV
genomes) after removal of duplicated reads was caleolated. All 11 patients with carcinoma of

cervix had at least one HPV DNA fragment in their plasma DNA samples. HPV 16 and 18
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are two HPV serotypes. Serotypes differ in genetic sequence. Serotypes 16 and 18 are the

most common ones associated with cervical cancer.

[0166] FIG. 18 shows the numbers and proportions of reads uniquely mapped to the HPV
genome of different HPV serotypes for each chnical case of cervical intraepithelial neoplasia
{CIN}. For cach clinical case, plasma BNA was extracted from 1 mL plasma. Using
massively parallel sequencing following target capture, the number of reads uniquely mapped
to the HPV genome for each case was derived. The proportion of plasma HPV reads (reads
uniguely mapped to the HPV genome) among all mapped reads {i.e. mapping to both human
and HPVY genome) after removal of duplicated reads was calculated. 3 out of 16 patients with

CIN had at least one HPV DNA fragment m their plasma DNA samples.

[8167] FIG. 19 shows the numbers and proportions of reads uniquely mapped to the HPY
genome of different HPV serotypes for cach clinical case of HPV positive-head and nec
squarnous cell carcinoma (HPV-+ve HNSCC). The cases were staged according to the 8%
Edition of AJCC Cancer Staging Manual. For each clinical case, plasma DNA was extracted
from 1 mL plasma. All the 7 patients with HPV +ve HNSCC had at least one HPV DNA
fragment in their plasma DNA samples. A higher proportion of patients with HPV+ve
HNSCC had HPY DNA fragments in their plasma DNA samples compared o patients with
CIN. It may be possibly due to a higher input plasma volume for cases of HPV+ve HNSCC.

[3168] 270 healthy subjects were analyzed with targeted sequencing by the same capture
probe sct. 9 of them (3.39) had at least one HPY DNA fragment i their plasma. FIG. 20
shows the number of plasma HPV fragments and the corresponding HPV serotypes in the

plasma samples of the 9 healthy subjects with at least one plasma HPV DINA,

{3169} By setting the cutoff in the number of HPV reads for defining “detectable plasma
HPV DNA™ at 1, 5 healthy subjects (1.9%) and 2 patients with CIN (12.5%) had detectable
{greater than 1) HPY DNA in their plasma. Al the 11 patients with carcinoma of cervix and 7
patients with HPY-+ve HNSCC remained to have detectable plasma HPV DNAL if the cutotf
in the number of HPV reads for defining “detectable plasma HPV DNA” at 5, only 1 healthy
subject (0.3%) had detectable HPY DNA 1in their plasma, 2 patients with CIN had detectable
plasma HPV DBNA. All the 11 patients with carcinoma of cervix and 7 patients with HPV+ve
HNSCC remained to have detectable plasma HPV DNA. Examples of the cutoff nuniber in

the number of HPV reads include but not hmted to 1, 2, 3, 4, 3, 10, 15 and 20.
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{0176 FIG. 21 shows the median proportions of HPV reads (including all serotypes) in the
plasma DNA samples of patients with carcinoma of cervix, cervical intraepithelial neoplasia
(CIN), HPV positive-head and neck squamous cell carcinoma (HPV-+ve HNSCC) and healthy

controls. The median proportion of HPV reads was significantly higher in patients with

(]

carcinoma of cervix {0.0048% than patients with CIN (0%) and healthy controls {0%)
{p<0.0001, Kruskal-Wallis test}. The median proportion of HPV reads was also significantly
higher in patients with HPV+ve HNSCC (0.003%) than healthy controls (p<0.0001, Maon-
Whitney test)

C Method

10 [8173]  FIG. 22 is a flowchart illastrating a count-based method 2200 using sequence reads
of viral nucleic acid fragments in cell-free mixture of a subject to screen for cancer according
to embodiments of the present mvention. Aspects of method 2200 can be performed by a

computer system, ©.g., as described herein,

{0172} Method 2200 can be used to screen a biclogical sample for a pathology, where the
15 biological sample includes a mixture of cell free nucleic acid molecules. The screening can
be performed on subjects that are asymptomatic for the pathology (¢.g., a type of cancer,
CIN, or mononucleosis), and thus identify subjects at an early stage of the pathology. The
mixture can include nucleic acid molecules from the subject and potentially nucleic acid

molecules from a virus (e.g., EBY, HBY, or HPVY),

20 101731  Atblock 2210, the biological sample i obtained from the subject. As examples, the
biological sample can be blood, plasma, senum, urine, saliva, sweat, tears, and sputum, as
well as other examples provided herein. In some embodiments {¢.g., for blood), the biological
sample can be purified for the mixture of cell-free nucleic acid molecules, ¢.g., centrifuging

blood to obtain plasma.

e
W

{61741 At block 2220, the mixture of cell-free nucleic acid molecules is sequenced to
obtain a plurality of sequence reads. The sequencing may be performed m a varigty of ways,
¢.g., using massively parallel sequencing or next-generation sequencing, using single
molecule sequencing, and/or using double- or single-stranded DNA sequencing hibrary
preparation protocols. The skilled person will appreciate the vanety of sequencing technigues
30 that may be used. As part of the sequencing, it is possible that some of the sequence reads

may correspond to cellular nucleic acids.



(]

WO 2018/137685 PCT/CN2018/074138

39

{0175 The sequencing may be targeted sequencing as described heremn. For example,
biological sample can be enriched for nucleic acid molecules from the virus. The enriching of
the biological sample for nucleic acid molecules from the virus can include using capture
probes that bind to a portion of, or an entire genome of, the virus. The biological sample can
be enriched for nucleic acid molecules from a portion of a human genome, ¢.g., regions of
autosomes. Table 5 provides examples of such capture probes. In other embodiments, the

sequencing can include random sequencing.

16176]  Atblock 2230, the plurality of sequence reads that were obtained from the
sequencing of the mixture of cell free nucleic acid molecules are recetved. The sequence
reads may be received by a computer svstem, which may be communicably coupled to a
sequencing device that performed the sequencing, ¢.g., via wired or wireless commanications

or via a detachable memory device.

(0177  Atblock 2240, an amount of the plurality of sequence reads aligning to a reference
genome corresponding o the virus is determined. Examples of aligning the sequence reads to
a viral genome are provided herein. The amount can be determined in a varicty ways based
on the number of sequence reads that align to the reference genome. For example, the
number of sequence reads aligned to the reference genome can be normalized. In various
crabodinments, the normalization may be relative to a volume of the biological sample (ora
purified mixture) or relative to a number of sequence reads aligned to a human reference

genome.

{0178} In some embodiments, the amount of sequence reads aligning to the reference
genome mcludes a proportion of sequence reads aligned to the reference genome relative to a
total number of sequence reads. The total mumber of sequence reads can be a sum of the
sequence reads that aligned to the reference genome corresponding to the virus and the
sequence reads that aligned to a human genome. In various implementations, any function or
derivative of a relative amount {abundance) of the viral nucleic acids to human DNA can be
used, where examples of a relative amount include a ratio {e.g.. proportion) or a difference

between the amounts of the viral nucleic acids and human DNA.

16179 Atblock 2250, the amount of sequence reads aligning to the reference genome is
compared to a cutoff value, thereby screening for the pathology. The screening can include
determining a level of the pathology in the subject, e.g., that the subject does or does not have

the pathology or has certain levels of the pathology.
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[0186] The cutoff value can be determined from a set of trawning samples having a known
classification for the pathology, e.g., as descnbed herein. As examples, the cutoff value can
be selected using (1) a value below a lowest amount of sequence reads aligning to the
reterence genome for the training samples classified as having the pathology; (2) a specified
number of standard deviations from a mean amount of sequence reads aligning to the
reference genome for the trainmg samples classified as having the pathology; or (3) a

spectficity and a sensitivity for determining a correct classification of the training samples.

10181] In some embodiments, the level of pathology 1s a level of cancer. In another
embodiment, the level of pathology is infectious mononucleosis. As examples, the cancer can
be selected from a group consisting of nasopharyngeal cancer, head and neck squamous cel

carcinoma, cervical cancer, and hepatocellular carcmoma.

[0182] Betore the sequencing is performed, a first assay can be used to determune whether
a sufficient amount of the virus is detected, and thercfore warrants the sequencing to be
performed. In some implementations, real-time polymerase chain reaction (PCR) can be
performed using the biological sample or a different biological sample obtained from the
subject contemporaneous!y (e.g., same clinical visit) as the biological sample. The real-time
PCR can provide a guantity of nucleic acid molecules from the virus using technigues
described herein or known to one skilled in the art, ¢.g., using Ct values. The quantity can be
compared to a quaniity threshoid. When the quantity is above the quantity threshold, the
sequencing can be performed, thereby not wasting resources sequencing samples that do not
have a sufficient quantity of viral nucleic acids to warrant the more accurate technique. In
some embodiments, digital PCR could be used instead of sequencing. The capture probes can

be used with corresponding primers in performing the count of sequence reads.

. “urther details on determining cutoff value

10183] 'The cutoff value(s} for discrinminating between classifications of samples {e.g,
whether a subject has a particular cancer associated with a virus) can be determined
various ways. In one embodiment, the cutoff value for the proportion of plasma DNA
fragments mapped to the viral genome can be determined as any value below the lowest data
point of the cancer patients being analyzed. In other erabodiments, the cutotf values can be
determined from the mean proportion of the cancer patients minus one standard deviation
(SD), mean minus 2 8D, and mean minus 3 SB. In vet other embodiments, the cutoff can be

determined after the loganthmic transformation of the proportion of plasma DNA fragments
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mapped to the viral genome, for example but not imited to mean minus SD, mean minus 2
SD, mean minus 3 SD after the logarithmic transformation of the values of the cancer
patients. In yot other embodiments, the cutoff can be determined using Receiver Operator
Characteristics (ROC) curves or by nonparametric methods, for example but not himited to
mcluding about 100%, about 95%, about 90%, about 85%, or about 80% of the cancer
patients being analyzed. In vet another embodiment, to maximize test specificity, the cutoff
value could be determined as any value higher than the highest proportion of DNA fragments
mapped to the viral genome among non-cancer subjects or the mean plus 5D, mean plus 2

SD, mean plus 3 SD with or without logarithmic transformation.

[6184] In FIG. 14, by applving a cutoff value of 0.0009% for the proportion of plasma
EBV DNA fragments among all the sequenced reads, subjects with NPC and persistently
positive plasma EBY DNA from the majority of subjects with transiently positive plasma
EBY DNA resulis were able 1o be differentiated. In other embodiments {¢.g., for other
virus/cancer combinations), the cutoff value for proportion of plasma EBYV DNA reads
among all sequenced reads can be greater than 8.00001%, greater than 0.00005%, greater
than 0.0001%, greater than 0.0002%, greater than 0.0003%, greater than 0.0004%, greater
than 0.0005%, greater than 0.0006%, greater than 0.0007%, greater than 0.0008%, greater
than 0.0009%, greater than 0.001%, greater than 0.002%, greater than 0.003%, greater than

0.004%, greater than 0.0605%, greater than 0.01%, greater than 0.1%, or greater than 1%.

B, SIZE-BASED ANALYSIS OF PATHOGERN BNA

[0185] We studied and analyzed the differences in the size distributions of plasma viral
DNA reads (c.g., EBY, HBVY, and HPV) from cancer patients and non-cancer subjects. The
size distribution of plasma viral fragments of cancer subjects were statistically longer than the
size distribution of viral fragments of non-cancer subjects. At the same time, the size
distribution of the plasma viral fragments of cancer subjects were statistically significantly

shorter than the plasma human DNA fragments m the same subject.

[0186] In some embodiments, sequencing s used to assess size of cell-free viral nacleic
acids in a sample. For example, the size of each sequenced plasma DNA molecule can be
derived from the start and end coordinates of the sequence, where the coordinates can be
determined bv mapping (aligning) sequence reads to a viral genome. In vanous

embodiments, the start and end coordinates of a DNA molecuie can be determined from two
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paired-end reads or a single read that covers both ends, as may be achieved n single-

molecule sequencing.

A Differences in size distribution

{0187 A size distribution can be displaved as a histogram with the size of a nucleic acid
5 fragment on the honzontal axis. The number of nucleic acid fragments at each size (e g.,
within 1 bp resolation) can be determined and plotted on the vertical axis, e.g.. as a raw
number or frequency percentage. The resolution of size can be more than 1 bp (e.g.. 2, 3, 4,
or 5 bp resolution). The tollowing analvsis of size distnbuiions {also referred to as size
profiles) shows that the viral DNA fragments in a cell-free mixture from NPC subjects are

10 statistically longer than in subjects with uc observable pathology.

[D188] FIG. 23 shows the size distribution of EBV DINA fragments in a normal subject and
6 subiects having NPC {(TBR 1344, TBR1358, TBRI360, TBR1378, TBR1379, and
TBR1390}). Using paired-cnd scquencing, the size of cach plasma EBV DNA fragment was
deduced based on the coordinates of the outermost nucleotide on each of the two ends of the
15 sequenced EBVY DNA fragment. The size profiles of plasma EBV DNA fragments for NPC
subjeocts and those with no observable pathology are shown. The sequenced EBY DNA
fragments from all the cases of this group were pooled together to plot an aggregated size

profile for these subjects.

[018%9] 'The plasma EBV DNA size distribution of the subjects without any observable

20 pathology i1s on the left side of the size distribution plots of the NPC subjects, indicating that
the size distribution of sequenced plasma EBV DNA fragments is shorter in sabjects without
any observable pathology compared with NPC subjects. These results suggest that the size
profile of plasma EBY DNA fragments as measured by sequencing analysis (e.g., massivelv
parallel sequencing) can be used to differentiate subjects with NPC and with false-positive

25  plasma EBY DNA results. In a previous study, it has been shown that plasma EBV DNA are
short fragments in NPC subjects (Chan et al. Cancer Res. 2003;63:2028-32). However, in that
previous study, no information was provided regarding the difference i the size distribution
of plasma EBV DNA fragments between subjects with NPC and those with false-positive
plasma EBV DNA resulis.

30 [198] FIG. 24 shows the size distribution of sequenced plasma DNA fragments mapped to

the EBVY genome and human genome in 6 subjects having NPC (TBRI1344, TBR1358,
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TBRI360, TBRI1378, TBRI379, and TBRI390). For cach subject, the size distribution of the
plasma EBY DNA fragments 1s shorter than that of fragments mapped to the human genome.
This observation is consistent with the findings of previous reports that the size distribution
of plasma DNA derived from tumor cells is shorter that DNA fragments denived from non-
tumor cells (Jiang et al. Proc Natl Acad Sci U § AL 2015; 112:E1317-25) because the plasma
EBY DNA fragments in NPC subjects are derived from the tumor cells {Char et al. Clin
Chem. 2005; 51:2192-5) and the plasma DNA fragrents mapped to the human genome are

denived from both tumor and non-tumor cells.

[6191} FiG. 25 shows the size distribution of sequenced plasma DNA fragments mapped to
the EBY genome and human genome in 3 subjects having lviphoma (TBR 1332, TBR1333,
and TBR1551). For cach of the three Ivmphoma subjects, the size distnbution of the plasma

EBY DNA fragments is shorter than that of fragments mapped to the human genome.

{31821  FIG. 26 shows the size distribution of sequenced plasma DNA fragments mapped to
the EBV genome and human genome in 6 control subjects (AP080, BPU6S, ENO86, BHO3S,
FF159, and GCO38). For cach of the 14 subjects with false-positive plasma EBV DNA but no
observable pathology, the size distribution of the sequenced plasma EBV DNA was shorter
than the fragments mapped to the human genome. This observation is surprising as it is
gencrally belicved that the EBYV DNA fragments in non-cancer subjects are assoctated with
viral particles and ligh molecular weight fragments are expected 1o be present i plasma. Itis

surprising to find the presence of short EBY DNA fragments in this group of subjects.

16193] FIGS. 27A and 278 show the size profiles of sequenced plasma DNA fragments in
subjects having NPC (26A} and subjects that are persistently positive for plasma EBY DNA
(268) mapped to the EBY genome and human genome. A difference in the size profile
pattern of plasma EBV DNA fragments aligned to the EBV genome and those aligned 1o the
autosomal genome {e.g., reterence) were observed; those differences were used to

differentiate subjects with NPC from subjects with false-positive plasma EBV DNA results.

(0194} FIGS. 28A show a size distributions of EBV DNA (red curve) and autosomal DNA
(black curve) in the plasma of a patient with NPC. FIG. 28B shows size distributions of EBY
DNA (red curve) and haman autosomal BNA (black curve) in a non-cancer subject with
persistently positive plasma EBV DNA results. We observed that the size profiles of EBY
DNA from NPC patients exiubited a reduction in the 166-bp peak, but with a more

pronounced peak at around 150 bp when compared with the size profiles of human mitosomal
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DNA (FIG. 28A). The size profiles of EBV DNA from non-cancer subjects showed peaks
that were distributed over the shorter fragment sizes (FIG. 28B). Thus, NPC patients had a
fower proportion of EBY DNA molecules shorter than 110 bp when compared with that of

the non-cancer subjects.

16195] 'The presence of the characteristic 166-bp peak 1o the plasma EBV DNA size profike
of NPC patients suggested that civculating EBV DNA was nucleosome-bound. The relative

prominence of EBY BNA (as circulating tumor DNA} at around 150 bp was concordant with
our previous finding that tamor-derived DNA was in general shorier than non-tumor-derived

DNA (20).

16196] In contrast to cancer patients, plasma EBV DNA from non-cancer subjects did not
exhibit the typical nuclcosomal pattern (FIG. 28B). The lack of protection by nuclcosome
2%} may render those viral sequences more susceptible to DNA degradation resuliing in the
shorter size distributions of plasma EBV DNA in non-cancer subjects. Therefore, a relatively
higher proportion of short EBY DNA fragments was observed in non-NPC subjects than in
NPC patients. Virion-associated EBY DNA has been reported to be free of nucleosomes (30).
We suspect that the EBV DNA fragments in plasma of the non-NPC subjects may represent
degraded viral produucts or incomplete viral replication products. In fact, the EBY DNA size
profiles of the non-cancer subjects (FIG. 28B) showed a series of peaks that were separated

by 10-bp.

0197} The characteristic 166-bp peak is also observed in the plasma EBY DNA sequences
of the lymphoma patients (FIG. 25). These data indicate that EBV -positive lvmphomas and
Likely other EBV-related malignancies could be distinguished from the non-cancer subjects
positive for plasma EBY DNA. Patients with EBY-related malignancies and lymphomas are
expected to have higher proportion of long plasma EBV DNA molecules or lower proportion

of short plasma EBYV DNA molecules than the non-cancer subjects.

B Size ratio — exploration and validation

[6198] 'The above-mentioned variations in size distributions lead to infer-individual
varations in the size profile patterns of sequenced plasma DNA. To compare the proportion
of plasma viral DNA reads (e.g., EBV reads) within a certain size range {¢.g., between 80 and
110 base pairs) among mdividuals, the amount of plasma viral DNA fragments can be

normalized to the amount of autosomal DNA fragments within the same size range. This
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metric 1s denoted as a size ratio. A size ratio can be detined by the proportion of plasma viral
DNA fragments within a certain size range divided by the proportion of autosomes (e.g.,
autosomal DNA fragments) within the corresponding size range. For example, a size ratio of

EBV DNA fragments between 80 and 110 base pairs would be:

Proportion of EBYV DNA fragments within 80-110bp
g £« £+ 0
Proportion of autcsomal DNA fragments within 80-110bp

The size ratic can indicate the relative proportion of short DNA fragments within each
sample. The lower the EBV DNA size ratio, the lower the proportion of EBYV DNA

molecules of sizes between 80 and 110 bp.

{8199 FIG. 29A shows the EBV size ratios of cancer and non-cancer cases in the
exploratory sample set also used for FIG. 13A. A cutoff value was defined at 3 standard
deviations above the mean valies of the EBV size ratios of all the 10 cancer patients in the

exploratory dataset. The cutoff value of 9.1 is denoted by the red dotted fne.

[0208]  Using this cutoff value, 8 of 20 subjects with transiently positive and 6 of 20
subjects with persistently positive EBV DINA results passed the cutoff in the size-based
analysis. The median size ratio from samples of NPC patients {(median, 4.5; IQR, 3510 4.6)
was significantly lower than the mean ratios from samples of non-cancer subjects with
transiently {mean, 11 8; IQR, 8.6 t0 13.8, P=0.001, Kruskal-Wallis test) or persistently
positive plasma EBYV DNA (mean, 12.7; IQR, 8.0 10 16.3, P=0.0005, Kruskal-Wallis test).

(0201} FIG. 29B shows the EBV DNA size ratios of the NPC patients and non-cancer
subjocts with transiently positive and persistently positive results in the validation sample set
also used for FIG. 13B. The same cutoff value of 9.1 defined in the exploratory dataset 1s

denoted by the red dotted line.

(0202}  In FIG. 29B, lower EBV DNA size ratios were observed in samples of NPC patients
from both the screening (median, 3.2; IQR, 2.4 to 4 2) and external cohorts (median, 3.0,
IQR, 2 4 %0 4.3) than samples of non-cancer subjects with transiently positive {median, 11.3;
IQR, 7.6 w0 15.1; £<0.0001} and persistently positive results (median, 12.7; IQR, 9010 16.5;
F<0.0001}. These results demonstrated that the finding of a lower proportion of short EBV
DINA fragments in patients with NPC from the exploratory dataset was also observed in the

external cohort. With the cutoff value of 9.1 defined in the exploratory dataset, all the
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samples of NPC patients from both cohorts had EBY DNA size ratio smaller than the cutoff
value. There were 55 {out of 159) subjects with transiently positive results and 19 (out of 73)

subjects with persistently positive results who passed the cutoff in the size-based analvsis.

[0203] In fact, if we apply these performance charactenistics of this size ratio-based
approach to the sample cchorts of the prospective screening study of 20,174 asymptomatic
subjects, the test would show 97.1% sensitivity, 98.3% specificity and a PPV of §.9% {Table
4). In other words, determining the plasma EBY DNA size ratio would fare well as a
standalone test for differentiating between ndividuals with and without NPC but with
detectable plasma EBY DNA. The plasma EBY DNA size profile assessment test would be
able to 1dentify the presence or absence of EBYV DNA sequences at the same time when the
svstem or algorithm determines the size profile of any EBV DNA molecules that are found m

the sample.

C Further Resulis

(0264} The analvsis above tllustrates that a statistical value of a size distribution of
sequence reads in a cell-free sample that align to the EBVY genome can provide a useful
standalone test to screen carly stages of NPC. Further results arc provided for EBV, HBY,

and HPV.

1. EBY

16205  FIG. 30 shows the percentage of sequenced plasma EBY DNA fragments below
150 bp. The proportions of EBY DNA fragments below 150 bp were lower in subjects with
NPC, lymphoma and mfectious mononucleosis when compared with those with transiently
positive or persistently detectable plasma EBY DNA but no observable pathology. These
results suggest that the analysis of the size of sequenced plasma EBY DNA fragmoents can be

used to differentiate subjects with cancers from those without any observable pathology.

[62066] FIG. 31 shows the percentage of EBY DNA fragments below 150 base pairs (bp) in
plasma for (Icf) subjects persistently positive for plasma EBVY DNA but having no
observable pathology, and {righty NPC subjects. While the proportion of sequenced plasma
DNA reads mapped to the EBV genome were not significantly different between the false-
positive cases and the cohort 2 NPC cases, the cobort 2 NPC subjects showed significantly
lower proportion of short plasma EBV DNA fragments than the subjects with falsc-positive

results (P = .02, Mann-Whitney test). These results support that the analysis of the size of
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sequenceable plasma EBY DNA can be used to differentiate NPC subjects from subjects with
false-positive plasma EBY DNA results even when the concentrations of plasma EBY DNA

for the two groups are similar.

(0207} FIG. 32 shows the size ratio of plasma EBV DNA fragments between 80 and 110
base pairs in length to autosomal DNA fragments between 80 and 110 base pairs in length 1n
subjects that are transiently positive or persistently positive for plasma EBY DNA (Ieft or
middle, respectively) but have no observable pathology, and subjects identified as having
NPC. By determining the size ratio {¢.g. the proportion of plasma EBV DNA fragments
within a certain size range divided by the proportion of autosomal DNA fragments within the
corresponding size range} of fragments between 80 and 110 base pairs, we could observe a
statistically significant difference between subjects with NPC and subjects with false-posttive
plasma EBV BNA resulis {p-value < 0.0001; Mano-Whitney U test). Subjects with NPC have
a lower size ratio within the size range of 80 to 110 bp than subjects with false-positive
plasma EBVY DNA results. Accordingly, patients with NPC had a lower proportion of plasma
EBY reads within the size range of 80-110 bp among all sequenced EBVY reads compared o

subjects with transiently positive or persistently positive plasma EBV results.

(6208} FIG 33 shows a size index {¢.g., an inverse of the size ratio) in subjects that are
transiently positive or persistently positive for plasma EBY DNA (left or middie,
respectively) but have no observable pathology, and subjects identified as having NPC. A
size index can be defined as the inverse of the size ratio, and the size ratio 1s defined as the
proportion of plasma EBV DNA fragments within a certain size range divided by the
proportion of autosomal DNA fragments within the corresponding size range. Subjocts with
NPC were differentiated from subjects with persistently positive plasma EBV DNA based on
the difference in the size profile of plasma EBY DNA reads. Using a cutoff value for the size
ratio of 7 {c.g., size index greater than 0.14), subjects having NPC were differentiated from
the majorty of subjects with persistently positive plasma EBY DNA . Gray dots represent
cases where the proportion of plasma EBY DNA reads among all sequenced reads were
greater than 0.0009% (see, e.g., FIG. 14}. Three out of the cight subjects with transiently
positive plasma EBY DNA had the size index greater than 0.14. Two out of the thirteen
subjects with persistently positive plasma EBV DNA had the size index greater than 0.14. All
patients with NPC had the size index greater than ¢.14. In some embodiments, a cutoff value
for the size index may be used to determine if a subject has a condition (e.g., NPC), is falsely

positive for a condition, or does not have a condition.
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[020%] FIG. 34A shows a size index (e.g., an mverse of the size ratio) in subjects that are
transiently positive or persistently posttive for plasma EBV DNA (left or middle,
respectively) but have no obscrvable pathology, and subjects identified as having NPC {right}
for a training set. Subjects with NPC were differentiated from subjects with persistently
positive plasma EBV DNA based on the difference in the size index of plasma EBY DNA

reads.

(0216} In one embodiment, the cutoff value for the size index can be determined as any
value below lowest proportion of the NPC patients being analyzed. In the current example. a
cutoff value of greater than 0.143% (i.¢. size ratio of less than 7) can be set to capture all the
NPC patients. Using a cutoff value for the size index greater than 0,143, subjects having NPC
were differentiated from the majority of subjects with persistently positive plasma EBVY

DNA. All patients with NPC had the size index greater than ¢.143.

[0211] FIG. 34B shows a size index {¢.g., an inverse of the size ratio) in subjects that are
transiently positive or persistently positive for plasma EBYV DNA (left or middle,
respectively) but have no obscrvable pathology, and subjects identified as having NPC {right}
for a validation set. Using a cutoff value for the size index of greater than 0.143, subjects
having NPC were differentiated from the majority of subjects with persistently positive

plasma EBYV DNA. All patients with NPC had the size index greater than 0.143.

2. HBV

(0212} FIG. 35A shows the size distribution of sequenced plasma DNA fragments mapped
to the HBV genome and human genome in @ HCC subject. Sumilar to the pattern of the NPC
subjects, the size distribution of plasma DNA fragmenis aligned to the HBV genome was

shorier than that of the fragments aligned to the human genome.

0213} FIG. 35B shows a bar plot of the percentage of HBY DNA fragments below 150 bp
m plasma in (lett) subjects having chronic hepatitis B and (right) HCC subjects. The mean
percentage of sequenced plasma HBY DNA of <150 bp was higher in the chromic HBY
carriers compared with the HCC subjects. This observation is consistent with the size

difference between NPC subjects and those with false-positive plasma EBY DNA rosults.
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3. HPV

[0214] The size profile of the plasma HPV DNA sequences can allow one to distinguish
those with HPV-related cancer and individuals without cancer but with detectable plasma
HPV DNA due to other benign conditions. The size profile of the plasma HPV DNA
sequences can further allow one to distinguish between HPV-related cancers of different

tissue origin, for example CC and HNSCC.

[0215] FIGS. 36 and 37 show the size distributions of sequenced plasma HPV DNA
fragments and DNA fragments mapped to human genome (autosomal DNA fragments) in 8
subjects having carcinoma of cervix (C-788, C-801, C-803, C-819, C-822, C-877, 3485,
3276). Using paired-end sequencing, the size of each plasma HPV DNA fragment was
deduced based on the coordinates of the outermost nucleotide on each of the two ends of the
sequenced HPV DNA fragment. For each patient with carcinoma of cervix, the size
distribution of plasma HPV fragments is shorter than autosomal DNA fragments. Even for
patients with low level of HPV DNA (fewer than 100 HPV DNA reads), a similar cumulative
frequency difference (AS) curve which peaks at around 150 bp were derived. This suggested
that the size profiles of plasma HPV DNA are similar among patients with carcinoma of

cervix and could be utilized for size-based diagnostics for HPV-related diseases.

[0216] FIGS. 38 and 39 show the size distributions of sequenced plasma HPV DNA fragments
and DNA fragments mapped to human genome (autosomal DNA fragments) in 6 subjects having
HPV positive head and neck squamous cell carcinoma (HPV+ve HNSCC) (TBR1019, TBR1245,
TBR1988, TBR1989, TBR2002 an TBR2175). For each patient with HPV+ve HNSCC, we
could observe a similar size distribution curve of plasma HPV fragments. The size distribution of
plasma HPV fragments is shorter than autosomal DNA fragments. This suggested that the size
profiles of plasma HPV DNA are similar among patients with HPV+ve HNSCC and could be

utilized for size-based diagnostics for HPV-related diseases.

D. Various statistical values

[0217] It should be understood that the size threshold (e.g., 150 bp in FIG. 31) may be any
value. The size threshold may be at least about 10 bp, 20 bp, 25 bp, 30 bp, 35 bp, 40 bp, 45

bp, 50 bp, 55 bp, 60 bp, 65 bp, 70 bp, 75 bp, 80 bp, 85 bp, 90 bp, 95 bp, 100 bp, 105 bp, 110
bp, 115 bp, 120 bp, 125 bp, 130 bp, 135 bp, 140 bp, 145 bp, 150 bp, 155 bp, 160 bp, 165 bp,
170 bp, 175 bp, 180 bp, 185 bp, 190 bp, 195 bp, 200 bp, 210 bp, 220 bp, 230 bp, 240 bp, 250
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bp, or greater than 250 bp. For example, the size threshold can be 150 bp. In another
example, the size threshold can be 180 bp. In some embodiments, an upper and a lower size
threshold may be used (¢ g., a range of values). In some embodiments, an upper and a lower
size threshold may be used 1o select nucleic acid fragments having a length between the
upper and lower cotoff values. In some embodiments, an epper and a lower cutoff may be
used to select nucleic acid fragments having a length greater than the upper cutoff value and

fess than the lower size threshold.

103218} Various statistical vahues of a size distribution of nucleic acid fragments can be
deternuned. For example, an average, mode, median, or mean of a size distribution can be
used. Other statistical values can be used, e.g., a cumulative frequency for a given size or
various ratios of amount of nucleic acid fragments of different sizes. A cumulative frequency
can correspond to a proportion {e.g., a percentage) of DNA fragments that are of 3 given size
or smaller, or larger than a given size. The statistical values provide information about the
distnbution of the sizes of nucleic acid fragments for comparison against one or more cutoffs
for determining a level of pathology resulting from a pathogen. The cutoffs can be
determuned using cohorts of healthy subjects, subjects known to have one or more
pathologies, subjects that are false positives for a pathology associated with the pathogen, and
other subjects mentioned herein. One skilled in the art will know how to determine such

cutoffs based on the description herein, e.g., with reference to a data depicted in FiGG. 31.

3219} To perform a size-based analysis, embodiments can calculate a first statistical value of
sizgs of nucleic acid molecules located 1n a reference genome of the pathogen {(e.g., by
aligning a sequenee read to the reference genome or using probes). In one embodiment, the
first statistical value can be determined from nucleic acid molecules located n one or more
particular regions {e.g., regions associated with preferred ending positions) or just the entire
reference genome. The first statistical value can be compared to a cutoff to determine a level

of pathology.

10228}  In some embodiments, the first statistical value of sizes of pathogen fragments can
be compared to a reference statistical value of sizes from the human genome. For example, a
separation value (e.g. a difference or ratio) can be determined between the first statistical
value and a reference statistical value, e¢.g., determined from other regions m the pathogen
reference genome or determined from the human nucheic acids. The separation value can be

determined from other values as well. For example, the reference value can be deternune
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from statistical values of multiple regions. The separation value can be compared to a size

threshold to obtain a size classification (e.g.,

whether the DNA fragments are shorter, longer,

or the same as a normal region).

0221} Some embodiments can calculate a parameter (separation value), which can be
defined as a difference in the proportion of short BNA fragments between the reference

pathogen genome and the reference human genome using the following equation:

AF=P(<150bp) - P{<150bp)

test ! ref

where Pc’\ﬁ 150?){)}- denotes the proportion of sequenced fragments originating from the
Y 7 test
tested region with sizes <150 bp, and P( < 15%,0} _denotes the proportion of sequenced
\ sref
fragments onginating from the reference region with sizes < 150 bp. In other erobodiments,
other size thresholds can be used, for example but not himited to 100 bp, 110 bp, 120 bp, 130
bp, 140 bp, 160 bp and 166 bp. In other embodiments, the size thresholds can be expressed in

bases, or nucleotides, or other units.
3222} A size-based z-score can be calculated using the mean and 5D values of AF of
control subjects.

AF ~mean AF

sample control

SDAF

control

Size-based z-score=

06223] 1o some embodiments, a size-based z-score of > 3 indicates an increased proportion of
short fragments for the pathogen, while a size-based z-score of < -3 indicates a reduce
proportion of short fragments for the pathogen. Gther size thresholds can be used. Further
details of a size-based approach can be found in U.S. Patent Nos. 8,620,593 and 8,741,811,
and U.S. Patent Publication 2013/0237431, all of which are incorporated by reference in its

entirety.

0224} To determine a size of a nucleic acid fragment, at least some embodiments can work
with any single molecule analysis platform tn which the chromosomal ongin and the length
of the molecule can be analvzed, ¢.g. electrophoresis, optical methods {¢.g. optical mapping
and its variants, en. wikipedia.org/wiki/Optical mapping#cite note-Nanocoding-3, and Jo ¢t
al. Proc Natl Acad Sci USA 2007, 104 2673-2678), fluorescence-based method, probe-based

methods, digital PCR (microfhudics-based, or emulsion-based, ¢.g. BEAMing (Dressman ot
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al. Proc Natl Acad Sct USA 2003; 100; 8817-8822), RamnDance

{(www raindancetech com/technology/per-genomics-research.asp}), rolling circle
amplification, mass spectrometry, melting analysis (or melting curve analvsis), molecular
sieving, ete. As an example for mass spectrometry, a longer molecule would have a larger

mass (an example of a size value},

{0225} In one example, nucleic acid molecules can be randomly sequenced using a paired-
end sequencing protocol. The two reads at both ends can be mapped {aligned) to a reference
genome, which may be repeat-masked (¢.g.. when aligned to a human genome). The size of
the DNA molecule can be determined from the distance between the genomic positions 1o

which the two reads mapped.

[6226] Any nucleic acid fragment size or size range may be used to determine the size
ratio. In one example, the size ratio can be a ratio of the proportion of viral DNA fragments
having a size within 50-75 base pairs in length to the proportion of autosomal DNA
fragments having a size within 50-75 base pairs in length. In another example, the size ratio
can be a ratio of the proportion of viral DNA fragments having a size within 60-90 base pairs
in length to the proportion of autosomal DNA fragments having a size within 60-90 base
pairs in length. In another example, the size ratio can be a ratio of the proportion of viral
DNA fragments having a size within 70-100 base pairs in length to the proportion of
autosomal DNA fragments having a size within 70-100 base pairs in length. In yvet another
example, the size ratio can be a ratio of the proportion of viral DNA fragments having a size
within 90-120 base pairs in length to the proportion of autosomal DNA fragments having a
stze within 90-120 basc pairs n length. In vet another example, the size ratio can be a ratio of
the proportion of viral DNA fragments having a size within 120-150 base pairs in length to
the proportion of autosomal DNA fragments having a size within 120-150 base pairs in
length. In vet another example, the size ratio can be a ratio of the proportion of viral DNA
fragments having a size within 150-180 base pairs m length to the proportion of autosomal
DNA fragments having a size within 150-180 base pairs in length. In vet another example,
the size ratio can be a ratio of the proportion of viral DNA fragments having a size within
180-210 base pairs in length to the proportion of autosomal DNA fragments having a size
within 180-210 base pairs in length. In yet another example, the size ratio can be a ratio of the
proportion of viral DNA fragments having a size of about 95 base pairs in length to the
proportion of autosomal DNA fragments having a size of about 95 base pairs in length. In

some embodiments, the size range for viral DNA fragments and the size range for autosomal



(]

10

24

e
W

30

WO 2018/137685 PCT/CN2018/074138

53

DNA fragments used to determine the size ratio may be different. For example, the size ratio
can be a ratio of the proportion of viral DNA fragments having a size of about 80-110 base
pairs in length to the proportion of autosomal DNA fragments having a size of about 120-150
base pairs in length. In another example, the size ratio can be a ratio of the proportion of viral
DNA fragments having a size within 80-110 base pairs in length to the proportion of

autosomal DNA fragments having a size of about 103 base pairs i length.

. Method

(02277 FIG. 4013 a flowchart iflustrating a method 4000 of using a size distribution of viral
DNA fragments to determine a level of cancer according to embodiments of the present
invention. Aspects of method 4000 can be performed in a similar manner as method 2200. At

least a portion of the method may be performed by a computer svstem.

[0228] Method 4000 can analvze a biclogical sample to determine a level of pathology in a
subject from which the biological sampie is obtained, where the biological sample includes a
mixture of cell free nucleic acid molecules. The mixtore can mehide nacleic acid molecales
from the subject and potentially nucleic acid molecules from a virus. The analysis can be
performed on subjects that are asymptomatic for the pathology (e.g.. a type of cancer, CIN, or

mononucleosis), and thus identify subjects at an early stage of the pathology.

162291  Atblock 4010, a size of a plurality of nucleic acid molecules in the biclogical
sample are measured. The size may be measured via any suitable method, for example,
methods described above. As examples, the measured size can be a length, a molecular mass,

or a measured parameter that is proportional to the length.

[0236] In some embodiments, both ends of a nucleic acid molecule can be sequenced and
aligned to a genome to determine starting and ending coordinates of the nucleic acid
molecule, thercby obtaining a length in bases, which is an example of size. Such sequencing
can be targeted sequencing, ¢.g., involving capiure probes as described herem. Other example
techniques for determining size include electrophoresis, optical methods, fluorescence-based
method, probe-based methods, digital PCR, rolling circle amplification, mass spectrometry,
melting analysis {or melting curve analysis), molecular sicving, cte. As an examplc for mass

spectrometry, a longer molecule would have a larger mass {an example of a size value).

0231} Atblock 4020, 1 is determined whether a nucleic acid molecule 1s from a reference

genome corresponding to the pathogen. As examples, a location of the nucleic acid molecule
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in the reference genome can be determined by sequencing and aligning, or using probes

corresponding to the reference genome,

(0232} In some embodiments, one or more sequence reads that mclude both ends of'the
nucleic acid fragment can be received. Thus, a plurality of sequence reads can be obtained
from a sequencing of the mixture of cel free nucleic acid molecules. The one or more
sequence reads can be aligned to the reference genome to obtam one or more aligned
locations. The one or more aligned locations can be used to determine the size of the nucleic

acid fragment.

[0233] Atblock 4030, a statistical value of a size distribution of the plurality of nucleic
actd molecules from the reference genome is determined. A cumulative frequency of
fragments smaller than a size threshold is an example of a statistical value. The statistical
value can provide a measure of the overall size distribution, ¢.g., an amount of small
fragments relative to an amount of large fragments. In another embodiment, the statistical
value can include a ratio of! (1) a first amount the plurality of nacleic acid molecules in the
hiological sample from the reference genome that are within a first size range; and (2} a
second amount the plurality of nucleic acid molecules m the biological sample from the
reference gonome that are within a second size range that i3 different than the first size range.
For example, the first range could be fragments below a first size threshold and the second
size range could be fragments above a second size threshold. The two ranges can overlap,

e.g., when the second size range is all sizes, e.g., as in FIG. 30

[6234] In various embodiments, the statistical value can be an average, mode, median, or
mean of the size distribution. In other embodiments, the statistical value can be a percentage
of the plurality of nucleic acid molecules in the biclogical sample from the reference genome
that are below a size threshold (¢.g., 150 bp). For such a statistical value, the subject can be

determined to be positive for the pathology when statistical value 1s below the cutoft value.

0235}  In some embodiments, the statistical value can include a size ratio of (1) a first
proportion ot sequence reads of nucleic acid molecules that align to the reference genome of
the virus with the size within a given range; and {2} a second proportion of sequence reads of
nucleic acid molecules that align to a human reference genome with the size within the given
range. Such an example is provided i FIG. 32, In various embodiments, the given range can
be about 80 to about 110 base pairs, about 50 to about 75 base pairs, about 60 to about 90

base pairs, about 90 to about 120 base pairs, about 120 to about 150 base pairs, or about 150
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to about 180 base pairs. In other embodiments, the statistical value can be an inverse of the

sizg ratio, thereby using a size index, e.g., as in FI(G, 33

[0236] Atblock 4040, the level of pathology m the subject is determined by processing the
statistical value against one or more cutoff values. For example, the percentage of fragpments
below a size threshold {(e.g., 150} can be compared to a autoff to determine whether the ratio
1s below the cutoff. In FIG. 30, a cutoff could be about 45 to discrimmate between subjects
that are persistently positive for EBY but no pathology (or even transiently positive) and

subjects with NPC, lvmphoma, or infectious mononucleosis.

0237} In an embodiment where a size ratio is used {(¢.g., as in FIG. 32), example cutoff
values include about 7, about 8, about 9, or about 10, In another embodiment, example cotoff

values can be about 0.11, 6.12, 0.13, or 0.14, 2.z, when a size index is used.

0238] In various embodiments, the achieved accuracy i discriminating between samples
of a set can include: a positive predictive value (PPV) of the deternuning the level of
pathology is at least 6%, 7%, or 8%, whercin a sensitivity of the determining the level of
pathology is at least 95%, 96%, or 97%, and/or wherein a specificity of the determining the

level of pathology s at least 95%, 96%, 97%, or 98%.
I Defermining cutoff value

[023%]  In some embodiments, a cutoff value for the size ratio may be used to determine if a
sabject has a condition (e.g., NPC), is falsely positive for a condition, or does not have a
condition. For example, subjects with NPC have a lower size ratio within the size range of 80
to 110 bp than subjects with falsc-positive plasma EBV DNA results. In some embodiments,
a cutoff value for a size ratio can be about 0.1, about 0.5, about 1, about 2, about 3, about 4,
about 3, about 6, about 7, about 8. about 9. about 10, about 11, about 12, about 13, about 14,
about 15, about 16, about 17, about 18, about 19, about 20, about 25, about 50, about 100, or
greater than about 100, In some embodiments, a size ratio at and/or below a cutoff value can
be indicative of having a condition (e.g., NPC). In some embodiments, a size ratio at and/or
above a cutoff value can be mdicative of having a condition {¢.g., NPC).

[0240] In some embodiments, a cutoff value for a size index can be about or least 10, about
or least 2, about or least 1, about or least 0.5, about or least 0.333, about or least 0.25, about
or least 0.2, about or least 0.167, about or least 0.143, about or least 0.125, about or least

0.111, about or feast 0.1, about or least 0.091, about or least 0.083, about or least 0.077, about
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or least 0.071, about or least 0.067, about or least 0.063, about or least 0.059, about or least
(.056, about or least 0.033, about or least 0.03, about or least 0.04, about or least 0.02, about
or least 0.001, or less than about 0.001. In some embodiments, a size index at and/or below a
cutoff value can be indicative of having a condition {e.g., NPC). In some embodiments, a size

mndex at and/or above a cutoff value can be indicative of having a condition (g.g., NPC).

{32411 In one embodiment, the cutoff value for the size ratio or size index can be
determined as any value below lowest proportion of the cancer patients being analyzed. In
other embodiments, the cutoff values can be determined for example but not limited to the
mean size index of the cancer patients minus one standard deviation (5D}, mean minus two
SD, and mean minus three 5. In vet other embodiments, the cutoff can be determined after
the logarithmic transformation of the proportion of plasma DNA fragments mapped to the
viral genome, for example but not himited to mean minus one SD, mean minus two 5D, mean
minus three S after the logarithmic transformation of the values of the cancer patients. In
vet other embodiments, the cutoff can be determined using Receiver Operator Characteristics
(ROC) curves or by nonparametric methods, for example but not hmited to including 100%,

95%, 90%, 85%, 80% of the NPC patients being analvzed.

V. FRAGMENTATION OF PATHOGEN DNA

32421  In this disclosure, we show that there exists a non-random fragmentation process of
viral cell-free DNA. Non-random fragmentation process can take place to some extent in
various types of biological samples that contain cell-free nucleic acids, ¢.g. plasma, serum,
uring, saliva, cerebrospinal fluid, pleural fluid, amniotic fluid, peritoneal fluid, and ascitic
fluid. Cell-free nucleic acids occur naturally in the form of short fragments. Cell-free nucleic
acids fragrentation refers to the process whereby high molecular weight nucleic acids {such
as DNA in the nucleus of a cell or in a virus) are cleaved, broken, or digested to short
fragments when cell-free nucleic acid molecules are generated or released. Discuss of cell-

free DNA may equally apply to other cell-free nucleic acids.

[0243} Not all cell-free DNA molecules are of the same Iength. Some molecules are shorter
than others. It has been shown that cell-free DNA of a human, such as plasma DNA | i
generally shorter and less intact than cellular DNA. Similarly, when a disease process, ¢.g.
cancer, alters the gene expression profile and function of the genome of a cell, the celi-free
DINA intact probability profile derived from the cells with disease would be reflective of

those cells. The cell-frec DNA profile, hence, would provide evidence for or are halimarks of
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the presence of the disease. Further, the viral nucleic acids in a cancer cell are affected such

that there fragmentation is altered.

0244} Some embodiments further enhance the resolution for studving the profile of cell-
free DNA fragmentation. Instead of pust summating reads over a stretch of nucleotides to
identify regions with higher or lower intact probability or integrity, we studied the actual
endmg positions or termint of individual cell-free DNA molecules, especially plasma viral
nucleic acid molecules. Remarkably, our data reveal that the specific locations of where cell-
free viral nucleic acid fragments are cut are non-random. There are certain ending positions
of viral nucleic acid fragments that are highly represented within a sample, such as plasma.
The number of occurrence or representation of such ending positions is statistically
significantly higher than expected by chance alone. We termed these non-random positions of
cell-free BNA ending positions as the preferred ending positions or preferred ends. There
may also be regions that are non-preferred, e.g., a low level of viral fragments ending at those

positions.

0245} A catalog of preferred ends relevant to particular physiological states or
pathological states can be identified by companing the cell-free DNA profiles of preferred
ends among individuals with different physiological or pathological states, ¢.g., cancer
compared with non-cancer samples. Another approach 1s to compare the viral nucleic acid
profiles of preferred ends at different time of a physiological (e.g. pregnancy) or pathological
{e.g. cancer} process. Examples of such time points include before and after treatment of
cancer {o.g. targeted therapy, immunotherapy, chemotherapy, surgery), different time points
following the diagnosis of cancer, before and after progression of cancer, before and after
development of metastasis, before and after increased severity of disease, or before and after

development of complications.

[0246] A preferred end can be considered relevant for a phyvsiological or discase state when
it has a high likelihood or probability for being detected i that physiclogical or pathological
state. In other embodiments, a preferred end is of a certain probability more likely 1o be
detected in the relevant physiological or pathological state than mn other staies. Because the
probability of detecting a preferred end m a relevant physiological or disgase state is higher,
such preferred or recurrent ends {(or ending positions) would be seen in more than one
mdividual with that same phvsiological or disease state. The high probability would also

render such preferred or recurrent ends 1o be detectable many times in the same sample or
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aliquot of the same ndividual. In some embodiments, a quantitative threshold may be set o
limit the melusion of ends that are detected at least a specified number of times {e.g., §, 10,
15, 20, etc.) within the same sample or same sample aliquot to be considered as a preferred

end.

16247} After a catalog of celi-free DNA preferred ends is established for any physiclogical
or pathological state, targeted or non-targeted methods could be used to detect thewr presence
in cell-free BNA samples, ¢.g. plasma, or other individueals to determine a classification of
the other tested individuals having a similar health, physiologic or disease state. The viral
pretferred ends could be detected by random non-targeted sequencing. The sequencing depth
would need to be considered so that a reasonable probability of identifying all or a portion of

the relevant preferred ends could be achieved.

[0248] Alternatively, hybndization capture of loci with high density of preferred ends
could be performed on the cell-free DNA samples to enrich the sample with cell-free DNA
molecules with such preferred ends following but not imited to detection by sequencing,
microarray, or the PCR. Yet, alternatively, amplification based approaches could be used to
spectfically amplify and enrich for the viral mucleic acid fragments with the preferred ends,
¢.g. mnverse PCR, rolling circle amplification. The amplification products could be identified
by sequencing, microarray, fluorescent probes, gel electrophoresis and other standard
approaches known to those skilled in the art. Further details on targeted sequencing are

provided in Materials and Methods section.

{0248} In practice, one end position can be the genomic coordinate or the nucleotide
identity of the outermost base on one extremity of a cell-free DNA molecule that 1s detected
or determined by an analvtical method, such as but not limited to massively paratlel
scquencing or next-generation sequencing, single molecule sequencing, double- or single-
stranded DNA sequencing hibrary preparation protocols, PCR, other enzymatic methods for
DNA amplification {¢.g. 1sothermal amplification) or microarray. Such in vitro technigues
may alter the true 1 vive physical end(s) of the ccli-free DNA molecules. Thus, each
detectable end may represent the biologically true end or the end 15 one or more nucieotides
mwards or one or more nucleotides extended from the oniginal end of the molecule. For
example, the Kienow fragment is used to create blunt-ended double-stranded BNA molecules
during DNA sequencing library construction by blunting of the 5” overbangs and filling in of

the 37 overhangs. Though such procedures may reveal a celi-free DNA end posttion that is
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not identical to the biological end, clinical relevance could still be established. This s
because the identification of the preferred being relevant or associated with a particular
physiological or pathological state could be based on the same laboratory protocols or
methodological principles that would result m consistent and reproducible alterations to the
cell-free DNA ends in both the cabibration sample(s) and the test sample{s). A number of
DNA sequencing protocols use single-stranded DNA libraries {(Sayder et al Cell 2016, 164
57-68). The ends of the scquence reads of single-stranded libraries may be more mnward or

extended further than the ends of double-stranded DNA bibranes.

1623¢] The genome identity or genomic coordinate of the end position could be derived
from results of alignment of sequence reads to a reference genome, ¢.g. hg19 tor a human and
a viral reference genome for viral fragments. It could be derived from a catalog of indices or
codes that represent the original coordinates of the human genome. While an end 1s the
nucleotide at one or both extrenuties of a cell-free DNA molecule, the detection of the end
could be done through the recognition of other nucleotide or other stretches of nuclectides on
the plasma DNA molecule. For example. the positive amplification of a plasma DNA
molecule with a preferred end detected via a fluorescent probe that binds to the middle bases
of the amplicon. For instance, an end could be identified by the positive hybridization of a
fluorescent probe that binds to some bases on a middle section of a plasma DNA molecule,
where the fragment size known. In this way, one could determine the genomic identity or
genonic coordinate of an end by working out how many bases are extemal to the fluorescent
probe with known sequence and genomic identity. In other words, an end could be identificd
or detected through the detection of other bases on the same plasma DNA molecule. An end
could be a position or nucleotide identity on a cell-free DNA molecule that is read by but not

himtted to target-specific probes, mim-sequencing, and DNA amplification.

A. Fxample quantifying of fragmentation

102511 Cell-free nucleic acids of the host and viruses that had previously invaded a cell can
be subjected to massively parallel scquencing using the lumina Genome Analvzer platform.
Other massively parallel or single molecule sequencers could be used. In some embodiments,
paired-end sequencing of the plasma DNA molecules can be performed. For example, cach

molecule can be sequenced at each end for 50 bp, thus totaling 100 bp per molecule. The two

ends of each sequence can be aligned to the reference human genome using the SOAP2
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program (L1 R et al. Biomnformatics 2009, 25:1966-7). A simular procedure can be used for

mapping viral fragments to a reference viral genome.

0252} o reflect the fragmentation patierns, intact probability {(P1) can be determined for
cach nucleotide for the genome based on the sequencing results.
N,

P =
! Ny

where Nz is the number of full length sequenced reads covering at least z nucleotides (nt) on
both sides (57 and 37) of the target nucleotide; and Nt is the total number of sequenced reads

covering the target nucleotide.

[6283] The value of Pr can reflect the probability of having an intact DNA molecule
centered at a particalar position with a length of twice the value of z plus 1 (22+1). The
higher the value of intact probability (Pr), the less likely is the plasma DNA being fragmented
at the particular nucleotide position. To further illustrate this, the definition of intact

probability is ilustrated in FIG. 41

10254} FiG. 41 shows an illustrative example for the definition of intact probability (P1). T
is the position of the target nucleotide at which Piis calculated for. A and B are two positions
at z nucleotides (nt) upstream (57} and z nt downstream (37} of T, respectively. The black
lines labeled from a to j represent sequenced plasma DNA fragments from the matemnal
plasma. Fragments a to d cover all the three positions A, B and T. Theretore, the number of
fragments covering at least z nt on both sides (57 and 37} of the target nucleotide (N} 158 4. In
addition, fragments ¢, fand g also cover the position T, but they do not cover both positions
A and B. Therefore, there are a total of 7 fragments covering position T (N1=7). Fragments h
and 3 cover either A or B but not T. These fragments are not counted in Nz or N1. Therefore,

the Pr in this particular example 13 4/7 (§7%).

[32551  In one embodiment, P1 can be calculated using 25 as the value of z. Thus, the intact

plasma DNA fragments would be defined as fragments covering at least 25 nt upstream of the
target position to 25 nt downstream of the target position. in other embodiments, other values
of z can be used, for example, but not imited to, 10, 15, 20, 30, 35, 40, 45, 30, 55, 60, 65, 70,

75 and 80.

[0256] Piis an oxample of a relative abundance of nucleic acid fragments ending within a

window of genomic positions. Other metrics can be used, e.g., the reciprocal of P, which
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would have an opposite relationship with the probability of having an intact DNA molecule.
A higher value of the reciprocal of Py would indicate a higher probability of being an ending
position or an ending window. Other examples are a p-value for a measured number of
ending DNA fragments vs. an expected number of ending DNA fragments, a proportion of
DNA fragments ending out of all aligned DNA fragments, or a proportion of preferred end

termination ratio (PETR), which may be defined in the follow manner.

No.of DNA fragments end on the nucleotide

ETR = . - :
No.of DNA fragments covering the nucleotide but not end on it

Al such metrics of a relative abundance can measure a rate at which cell-froe DNA

fragments cnd within a window, ¢.g., with a width of 2z+1, where z can be zero, therehy

causing the window to be equivalent to a genomic postiion. Further details on fragmentation

and related metrics can be found in PCT Publication WO 2017/012592, which 1s incorporated

by reference in ifs entirety.
B Frequency of ending positions of pathogen DNA fragments

[0257] FIG. 42 shows the frequency of a plasma EBV DNA fragments ending on each
nucleotide in the EBY genome for 4 subjects with persistently false-positive plasma EBV
DNA and no observable pathology, and 6 NPC subjects. As the numbers of plasma EBV
DNA fragments were very small in the subjects with transiently detectable plasma EBV
DNA, they are not shown as examples here. The y-axis is the nomber of plasma EBYV DNA
fragments ending on a particular nucleotide and the x-axis is the genomic coordinates in the

EBVY genome.

10258]  We observed that the distributions of the ending positions were different between
subjects with false-positive results but no observable pathology and NPC subjects. For
example, more plasma EBY DNA fragments ended on positions located within Region A n
sabjects without any pathology whereas more plasma EBV DNA fragments ended on
positions located within Region B in NPC subjects. In the region with repeating elements in
the EBVY genome, the sequenced plasma EBY DNA fragments cannot be mapped to unique
locations in the EBVY genome. Therefore, there were no uniguely alignable sequenced reads

ending within the region with repeats i the EBV genome.

0259} These results suggest that the analvsis of the ending positions of the plasma EBV

DNA fragments on the EBY genome can be used for differentiating subjects with false-
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positive results but no pathology from the NPC subjects. The analysis of the ending positions
can be performed by but not limited to non-targeted massively parallel sequencing or single
molecule sequencing, massively parallel sequencing or single molecule sequencing after
target enrichment, amplicon sequencing, real-time PCR, digital PCR, mverse PCR and
anchor PCR. For amplicon sequencing, real-time PCR and digital PCR, one embodiment is to

have primers or probes covering the specific ending positions.

{3260} The analysis could be performed with or without amplification. For amplification
based approaches, oligonuclestides complementary to the specific ending positions may be
used to enrich for the informative ends {¢.g., a nucleic acid fragment having a particular
ending-motif). Positive amplitication could be interpreted as indicating the presence of such
mformative ends. Alternatively, the amplified products could be followed by additional steps
to identify or confinm the presence of the informative ends. Methods used to detect or
confirm the presence of the informative ends could include any one of the following but are
not limited to hvbridization methods, such as oligonucleotide probes, antibody probes, mini-
sequencing, direct sequencing, massively parallel sequencing, single molecule sequencing,
mass spectrometry, ligation based assays. Such detection or confirmatory methods could be
applied to non-amplification based approaches. Both the amplification and non-amplification
based methods for the detection of informative ends could be preceded or followed by
hybridization based methods to enrich the sample with viral BNA sequences. Amplification-

based methods could be used to ennich the sample with viral DNA sequences.

10261}  To demonstrate the association of ending positions with disease conditions, we
randomly picked one subject with persistently detectable plasma EBY DNA but no
pathology, and one NPC subject for mming the frequent ending positions. We ranked the
coordinates of the EBV genome 1n a descending number of plasma EBY DNA fragments
ending on 1t for the two cases. For such an analysis, the EBV genome coordinate with the

largest number of fragments ending on it would be ranked number 1.

10262] For illustration purpose, the coordinates ranking in the top 400 were selected for
cach of the two cases. In other embodiments, different number of top-ranked coordinates can
be selected for the analysis. As examples, the coordinates ranking in the top 100, top 200, top
300, top 500, top 600, top 800 and top 1000 can be selected. In yet another embodiment, the
top-ranked coordinates shared by subjects with the same discase status, for example, subjects

with NPC, can be selected. In vet another embodiment, the probability of coordinates which
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have significantly higher probability of being an ending position for plasma EBV DNA n
certain disease status can be used. Examples of the thresholds for p-values mclude but not
fimited to 0.1, 0.05, 0.01, 0.005, 0.001 and 0.0001. In onc ermabodiment, top-ranked positions
sharved by a significant proportion of subjects with the same disease status can be used. In vet
another embodiment, the top-ranked positions of different subjects with the same disease
status can be pulled together. In vet another embodiment, the top-ranked positions shared by
a larger proportion of subjects can be given a larger weight and those shared by a smaller
proportion of subjects can be given a smaller weight, so that a weighted score can be

calculated.

[6263] FIG. 43 shows a Venn diagram depicting {A) the number of preferred ending
positions specific to subjects not having an observable pathology {e.g., 383}, (B} the number
of preferred ending positions specific to subjects having NPC {e g, 383}, and (C} the
preferred ending positions shared by both groups of subjects {e.g., 17). The coordinates
within the top 500 rankings in the sebject with false-positive EBV DNA but not top-ranked m
the NP subject are denoted as Set A positions. The coordinates within the top 500 rankings
in the NPC subject but not top-ranked 1o the subject with false-positive plasma EBV DNA
result are denoted as Set B positions. The coordinates that ranked within the top 400 m both
cases are denoted as Set € positions. Only 4.25% of the common ending positions were

shared by both cases.

0264] To demonstrate if subjects with the same disease status, for example, with NPC,
wonld share the same preferred ending positions in the EBY genome, we calouolated the
percentage of fragments ending on the Set A and Set B coordinates for cight subjects with
persistently detectable plasma EBY DNA but no pathology and five NPT subjects. The two

sabjects from whom these coordinates were determined were not included in this analysis.

[0265] FIG. 44 shows a heat map depicting the percentage of fragments ending on either
Set A posttions or Set B positions for subjects not having an observable pathology and NPC
subjects. A heat map is depicted for 8 sabjects not having an observable pathology (lefi 8
colummns; C1-C8) and 5 NPC subjects (right 5 columns; NPCI1-NPCS). The nucleic acid
fragments m NPC subjects ending on Set A ending positions are relatively less abundant than
the nucleic acid fragments n NPC subjects ending on Set B ending positions. Hach row
represents a particular position and cach row represents one subject. Darker color (bluc)

indicates a higher percentage of EBV DNA fragments ending at the specific position. The
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five NPC subjects; had higher percentages of plasma EBV DNA fragments ending on the Set
B posttions (the frequent ending positions from another NPC subject} compared with the
subjects without pathology. In conirast, subjects without pathology bad higher percentages of
plasma EBV DNA fragments ending on the Set A positions (the frequent ending positions
from ancther subject with detectable plasma EBY DNA but no observable pathology)
compared with the NP subjects. These results suggest that the top-ranked ending positions

are shared by subjects with the same disease status.

10266]  As the top-ranked ending positions were shared by subjects with the same disease
status, we investigated the ending postitions of plasma EBV DNA in subjects with detectable
plasma EBV DNA could be used to indicate the disease status, for example to differentiate

NP subjects from subiects without ohservable pathology.

[0267) To demonstrate the feasibility of this approach, we first determined the number of
sequenced plasma EBV DNA fragments ending on Set A and Set B positions. Then we

calculated the B/A ratio as:

¥ of fragmenis ending on Set B positions

B
~¥@tio =
A # of fragmenis ending on Set A positions

[3268] For the five subjects with transiently positive plasma EBYV DNA but no observable
pathology, the number of mappable plasma DNA fragments aligned uniguely to the EBY
genome were very small. These samples could be completely differentiated from the samples
collected from NPC subjects, lymphoma subjects and the subject with infectious
mononucieosis. For all the five subjects, the sequenced plasma EBV DNA fragments did not

end on any Set A and Set B position.
. Fragmentation o determine level of pathology

[0269] In the NPC subjects, plasma EBV DNA fragments with a ternvinal nucleotide
ending exactly at one or more of the NPC-specific ending positions would be more likely to
be dertved from the tumor. Based on this assumption, the number of sequenced plasma EBY
DNA fragments that ended on the NPC-specific ending positions can be used to indicate the
presence or absence of NPC or other cancers having a similar plasma DNA fragmentation
patiern. In another embodiment, this parameter can also be used for reflecting the lovel of
cancer, for example but not himited to the size of the tumor, the stage of the cancer, tumor

load and the presence of metastasis. Interestingly, in the control subjects, EBY DNA
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fragments have ferminal nucleotides ending at a set of ending positions {(e.g., control-specific
ending positions} that are unigue to control subjects, or at least different from NPC-specific
ending positions. As healthy subjects do not have a tumor, the plasma EBV DNA fragments
are not derived from a tumor. It is contemplated that the difference in the fragmentation
pattern of EBV DNA in control subjects and NPC subjects is related to the specific
mechanisms by which DNA fragments. It is contemplated that the NPC-specific
fragmentation pattern may be a result of tumor cell apoptosis-induced DNA fragmentation.
Additionally, it is contemplated that the control-specific fragmentation pattern may be a

resolt of EBV DNA replication-induced BNA fragmentation.

[6278] Both NPC subjects and reference subjects {e.g., healthy subjects, or subjects that are
false positive for a disease, such as a tumor) can both have EBY DNA in their blood.
However, each population can have a unigue EBY DNA fragmentation pattern. By
normalizing a first amount of nucleic acids {e.g., than can correspond to a number of EBV
DNA fragments from a biological sample from the subject that end at NBC-specific preforred
ending locations) with a second amount {e g, that can correspond to a mumber of EBY DNA
fragments from a reference sample from a healthy subject that end at healthy- or false-
positive-specific preferred ending locations), a method of the present disclosure can better
distinguish between sobjects that are true positive for a condition, and subjects that are false-

positive or otherwise healthy.

{32711 The identification and application of unique DNA fragmentation patterns for control
subjects {¢.g., subjects having no observable pathology} and tumor subjects can have
treraendous practical value. For example, the abundance of nucleic acid tfragments ending on
tumor-specific ending positions may not be significantly different m a control subject and a
tumor subject. In another example, in tumor subjects having low tumor burden, the EBY
DNA abundance may be lower and more difficult to detect, as compared to control subjects,
in whom the EBV DNA abundance can be higher, and more easy to detect. In some
embodiments, the preferred ending positions for a given subject {(¢.g., a healthy subjector a
tumor subject) can be highly specific (e.g., few of the preferred ending positions for a control
subject are also preferred ending positions for a tumor subjoct).

6272} In some embodiments, an end ratio {¢.g., a ratio of a first amount of nucleic acid

molecules ending on a first set of genomic positions to a second amount of nucleic acid

molecules ending on a second set of genomic postiions) can be used to determine a
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classification of a proportional contribution of a tissue type. In one example, the number of
EBY DNA fragments ending on NPC-apecific ending positions can be normalized asing the
number of EBY DNA fragments ending on the control-specitic ending positions. In some

embodiments, a combination of metrics {¢.g., at least two of an end ratio, copy number, and

(]

nucleic acid fragment size) may be used to detect a condition {¢.g., atumor) in a subject. For
example, as discussed above, NPC subjects can exhibit a higher number of EBY DNA
fragments, a higher B/A ratio, and a lower proportion of reads less than 150 base pairs m

length, as compared to control subjects.

D, Results

10 j8273] 'The following data shows that subjects extubiting a viral foad but some with and
some without cancer can be differentiated using a relative abundance between viral fragments

ending on a first set of positions and viral fragments ending on a second set of positions.
1. EBY

{0274} FIG. 45 shows the ratio of the number of fragments ending on Set B positions

15 divided by the number of fragments ending on Set A positions (e.g., B/A ratios) for different
groups of subjects. For subjects with persistently detectable plasma EBV DINA | the B/A
ratios of the subjects with no pathology were significantly lower than the NPC subjects {P <
0.001, Mann-Whitney test) and the lvmphoma subjects (P < 0.01, Mann-Whitney test). The
B/A ratio of the subject with mfectious mononucieosis was higher than all the subjects with

28 persistently detectable plasma EBY DNA but no pathology. These results suggest that the
proportion of plasma EBY DNA fragments ending on positions preferentially for different

disease can be useful for identifving the disease status of the subject being tested.

0275} In some embodiments, the ending positions of a set {(¢.g., set A or st B} can be

identified when they have a probability higher than expected for random fragmentation. In

[\
(]

other embodiments, the most frequently seen ending positions in a pathogen genome (¢.g.,
EBV DNA) 1 true pathology patients (¢.g., NPC) can be identified for set B. and the most
frequently scen ending positions for false-positive patients {or other subject without
pathology) can be identified as set A. The non-overlapping sets for the respective groups can
be used. An amount of fragments at a set of ending positions can be guantified in various

30 ways, with or without normalization.
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[0276] FIG. 46 shows the B/A ratio for (left) subjects persistently positive for plasma EBV
DNA buot having no observable pathology, and (night) NPC subjects. The B/A ratio of the two
groups were also significantly different (P = 0.001, Mann-Whitney test). As the preferred
ending positions in the Set B were determined using an mdependent group of NPC subjects,
these results suggest that the preferred ending position are shared between different NPC

subjects regardless of the plasma EBV DNA concentration.

02777 FIG. 47 shows an end ratio {e.g., a ratio of a number of sequenced plasma EBY
DNA fragments ending on Set B positions and a number of sequenced plasma EBY DNA
fragments ending on Sct A positions) in subjects that are persistently positive for plasma
EBY DNA (left) but have no observable pathology, and subjects identified as havimg NPC.
For subjects with persistently detectable plasma EBV DNA | the ends ratios of the subjects
with no pathology were significantly lower than the end ratios in subjects having NPC (p =
0.001; Mann-Whitney test). It 1s contemplated that the end ratio could serve as a parameter to
differentiate subjects with NPC from subjects with persistently positive plasma EBYV DNA

but without observable pathology.

{0278} In other embodiments, the analvsis of ending positions can be determined by the
number of fragments ending at the preferred posttions for the particular condition. For
example, the number of fragments ending at the Sct B positions can be used to determinge the
likelihood of a tested subject ot having NPC. In another embodiment, the number of
fragments ending at such positions can be normalized based on the total number of sequenced
fragments or the number of sequenced fragments mapped io the EBV genome or number of
seguenced fragments mapped to one or multiple regions of the EBV genome. When a subject
is screencd for NPC using plasma EBV DNA analysis and shows a posttive result. Based on
the arrangement used in the study we have performed, we would collect another blood
sample 1o around four wecks and determine if the plasma EBV DNA is persistently positive.
Based on the results shown, one aliemative arrangement is to analyze the size and the
percentage of plasma EBV DNA fragments ending at the NPC-preferred ending positions
using B/A ratio. For those cases with high percentage of fragments <150 bp and low B/A
ratio, they can be regarded as low nisk for NPC whereas those with low percentage of
fragments <150 bp and high B/A ratio can be referred for further investigations. This
arrangement can improve the logistics of the tests and obviate the need for asking the subjects

1o come back for further blood collection.
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[0279]  Apart from NPC, the analysis of the size of viral DNA fragments and their ending
positions 1n plasma can also be used for the detection of other cancers associated with viral
mfection. In this regard, we analyvzed three HCC subjocts and three subjects with chronic
hepatitis B infection but without HCC. In China and Southeast Asia, a large proportion of
HCC are associated with HBV nfection. The plasma DNA samples of these subjects were

sequenced after target enrichment using the protoco! described above.

2. HBY

(028081 One HCC subject was randomly selected for the analysis of preferred ending
positions. The coordinates of the HBV genome were ranked in descending order of the
number of plasma DNA fragments ending on these positions in this particular HCC subject.
For illustration purpose, the top 800 positions were identified. These positions are denoted as
the HCC-preferred positions. In other embodiments, other numbers of positions can be used,
for example, but not Himited to 100, 200, 400, 600, 1000, or 1500, For illustration purpose,
another 2000 positions were randomly selected for normalizing the number of plasma DNA
fragments aligning to the HBY genome. Other numbers can be used for this normalization
process, for example, but not limited to 200, 400, 600, 800, 1000, 1500 and 2500, In other
embodiments, the normalization with the total DNA 1n the plasma sample or the total number

of sequenced reads or total number of reads aligned 1o the HBV genome can be used.

{3281} FIG. 48 shows a box and whiskers plot of the nomber of plasma HBY DNA
fragments ending at HCC preferred ending postiions normalized to tragments ending at other
positions in (lefi) subjects baving chronic hepatitis B and (nght) HCC subjects. The number
of plasma HBY BNA fragments ending at the HCC-preferred positions were higher in the
HCC subjects compared with the subjects with chronic HBV infection but without HCC.
These results suggest that the mumber of fragments ending at the HCC-preferred positions can

be used to distinguish HCC subjects from chronic HBY carriers without HCC.

[6282] It should be understood that, when nomalizing the number of plasma DNA
fragments ending at preferred ending positions to fragments ending at “other positions’, the
‘other positions” may be one or more of any other position of g gene or genome. While the
‘other positions’ can correspond to preferred cnding positions {¢.g., the preferred ending
positions of nucleic acid fragments aligned to a reference genome), i is not necessary that the

‘other positions” be preferred ending positions. In one embodiment, the ‘other positions’ may
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correspond to the least preferred ending positions for a plurality of nucleic acids. In another

embodiment, the ‘other positions™ may correspond to a random set of positions,

[0283] Forthe HBY and HPV (below) work, some embodiments identified the most

freqaently seen {e.g. top 1,000} ends in the HOC or cervical cancer cases, respectively, and

.4

identified the least frequent ends (e.g. bottom 1,000} in the same case, where the latter is used
for normalization. The data shown m FIG. 49 shows a quantification of the most frequent

HCC ends expressed as a ratio of other ends (2.g., the lgast frequent or any random ends).
3. HPY

[3284] The analysis of the fragrentation pattem of viral DNA in plasma can be

10 generalized to other cancers associated with viral mfection. As an illustrative example, we
analyzed the plasma of a subject with a head and neck sguamous cell carcingma. This cancer
has a close association with HPV infection. The plasma DNA was sequenced after target
enrichment as described above. The plasma DNA fragments uniquely aligned to the HPV

were analyzed.

15 J0285) FIGS. 49A and 498 shows the number of plasma HPV DNA fragments ending at
different positions of the HPV genome. Similar to the patterns observed in the NPC subjects
and the HCC subjects, there were positions in the HPV genome that were more Hikely to be
the ending positions of the plasma DNA of the head and neck squamous cell carcinoma
subject (FIG. 49A). These positions can be applied for detecting this tvpe of cancer. Our data

28 also suggest that a similar approach can be used for detecting cervical cancer associated with
HPV infection. The six cervical cancer cases shown in FIG 49B are the same as the first size
cases shown i FIG. 17, In one embodiment, the preferred ending positions for cervical
cancers can be determined. Then, any subjects with a posifive plasma HPV DNA result can
be tested if those plasma HPV DNA would end on the cervical cancer-preferred ending

25 positions. Those subjects with plasma HPYV DNA ending on such positions are more likely to
have cervical cancers whereas those with plasma HPV DNA ending on other positions are

more hkely to have false-positive results.

[3286] Asshown m FIG. 498, the fragmentation patterns of the plasma HPV DNA
sequences can allow one to distinguish those with HPV -related cancer and mdividuals
3¢ without cancer but with detectable plasma HPY DNA due to other benign conditions. The

size profile and fragmentation patterns of the plasma HPV DNA sequences can further allow
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one to distinguish between HPV-related cancers of different tissue origm, for example CC

(FIG. 49B) and HNSCC (FIG. 49A).

[6287] FIG. 50 shows that the coverage of HPV DNA molecules in plasma are uneven
across the whole HPV genomes, suggesting the fragmentation patterns would be different
across HPV genomes. The unevenness can be seen in data before and after removing the PCR
duplication according to mapped genomic coordinates in HPV genome. Such unevenness of

coverage might be correlated with GC content.

{0288} FiG. 51 shows that the differential fragmentation pattems can be deternuned by
comparing the HPY fragment coverages between subjects with cervical cancer and head and
neck squamous cell carcinoma (HSNCC). X-axis is the ratio of HPV fragment coveragesin a
subject of cervical cancer to HSNCC. Y-axis is the coverage of HPV fragments in a subject
of cervical cancer. The area in red indicated differential fragmentation patterns which had
more abundant fragments present in the subject of cervical cancer and at the same time had
1.5x fold more fragments in a subject of cervical cancer than HSNCC. These data suggested

the viral DNA fragmentation patterns could be used to inform ditferent types of cancers.

628%9] FIG. 52 shows Venn diagrams for an analysis of preferred ending positions of
plasma HPV DNA rcads by sequencing. We mvestigated if the plasma HPV DNA fragments
would have preferred ending positions at the HPV genome. We hypothesized that the
preferred positions for plasma HPY DNA fragments would be different between subjects
with different HPV -related malignancies. To demonstrate the association of ending positions
with disease conditions, we randomiy picked one patient with carcinoma of cervix
{CalCx3485) and one patient with HPV positive head and neck squamous cell carcinoma
{(HPV+ve HNSCC) (TBR1949) for minung of the frequent ending positions. We ranked the
coordinates of the HPV genome in a descending number of plasma HPY DNA fragments
ending on 1t for the two cases. In such arrangement, the HPV genome coordinate with the

largest number of fragments ending on it would rank 1.

1629¢]  Forillustration purpose, the coordmnates ranking at the top 100, top 500 and top
1000 were selected for each of the two cases. In other embodiments, different number of top-
ranked coordinates can be selected for the analysis.

16281] TG 532 shows the 100, 500 and 1000 most conmmon ending positions in the EBV
genome for a patient with carcinoma of cervix and a patient with HPV+ve HNSCC. For the

100 most common ending positions, 26 {26%) of the common ending positions were shared
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by both cases. For the 500 most common ending positions, 234 (46.8%;) of the common
ending positions were shared by both cases. For the 1000 most common ending positions,

543 (54.3%) of the coramon cnding positions were shared by both cases.

E Method

[0292] FIG. 53 15 a flowchart lustrating a method 5300 for determining a level of cancer
in a subject based on fragmentation patterns of nucleic acid molecules frony a viras according
to cmbodiments of the present invention. Aspects of method 4000 can be performed ina
similar manner as method 2200. At least a portion of the method may be performed by a

computer system.

[3293]  Atblock 3310, a first plurality of cell-free nucleic acid molecules from a biological
sample of the subject are analyzed. The analyzing of a cell-free nucleic acid comprises
determining a genomic position in a reference genome corresponding to at least one end of
the cell-free nucleic acid molecule, where the reference genome corresponds to the virus.
Both genomic positions corresponding to both ends of the cell-free nucleic acid molecule can

be determined.

[3284]  Atblock 3320, a furst amount of the first plurality of cell-free nucleic acid
molecules that end within one of first windows is determined. Each first window comprises at
least one of a first set of genomic positions at which ends of celi-fiee nucleie acid molecules
are present at a rate above a first threshold in subjects with the cancer associated with the

ViTus.

[6295] The second set of genomic positions can be identified by analyzing the celi-free
nucleic acid molecules of a reference sample from a reference subject (¢.g., a healthy subject)
that does not have the cancer. In one embodiment, the second set of genomie positions
comprises all genomic positions corresponding to an end of at [cast one of the first plurality

of celi-free nucleic acid molecules.

[6296] The first set of genomic positions can be identified by analyzing a sccond plurality
of cell-free nucleic acid molecules from at least one first additional sample to identify ending
positions of the second plurahity of cell-free nucleic acid molecules. The at least one first
additional sample can be known to have the cancer associated with the virus and be of a same
sample tvpe as the biological sample. For cach genomic window of a plurality of genomic

windows, a corresponding number of the second plurality of celi-free nucleic acid molecules
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ending on the genomic window can be computed and compared a reference value to
determine whether the rate of cell-free nuclete acid molecules ending on one or more
genomic positions within the genomic window is above the first threshold. The at least one
first additional sample can be from the subject and be obtained at a different time than the
biological sample. Each of the first set of genomic positions can have at least a specified
number of cell-free nucleic acid molecules of the second plurality of cell-free nucleic acid

molecules ending on the genomic position.

162977 Atblock 5330, a relative abundance of the first phurality of cell-fiee nucleic acid
molecules ending within one of the first windows is computed by normalizing the first
amount using a second amount of the first plurality of cell-free nucleic acid molecules from
the biclogical sample. The second amoont of cell-fice nucleie acid molecules can include
cell-free nucleic acid molecules ending at a second set of genomic positions outside of the
first windows including the first set of genomic positions. The fivst and second sets may or
may not overlap. Normalizing the first amount includes computing the relative abundance

using the first amount and the second amount.

{0258} The relative abundance can comprise a ratio of the first amount and the second

amount. As an example, the relative abundance can be the B/A ratio.

(02991  Atblock 53340, the level of pathology m the subject is determined by processing the
relative abundance against one or more cutoff values. For example, 1t can be determined
whether the relative abundance is greater than the cutoff value. For example, the B/A ratio
can be compared to a cutoff to determine whether the ratio is above the cutoff. In FIG. 45, a
cutoff could be about 1.7 to discriminate between subjects that are persistently posttive for

EBY but no pathology and subjects with NPC, lymphoma, or infectious mononucleosis.
I Determination of ending position

(030681  When sequencing nucleic acids {e.g., BNA or RNA), there are vanious possibilities
of the ending patterns of fragments. For example, there are generally four configurations of
ends for plasma DNA: (A} A double stranded DNA molecule with two flushed ends; (B} A
double strand DNA molecule with one flushed end, and one non-flushed end (showing each
of the two scenarios, as either one of the two strands can protrade out); {C) A double strand
DNA molecule with two non-flushed end, with different combinations of protruding ends;

and (I3} A single stranded DNA molecule.

PCT/CN2018/074138
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[0301] For the configurations with non-tlushed ends, there are different pattems depending
on whether the 5 or the 3” end of the DNA molecule is protruded. For (B}, the
double-stranded DNA molecules has one flushed end and one non-flushed end. In an example
B, the 57 end is protruded and in an example B2, the 37 end 1s protruded. For (C), there are
three possible patterns when both ends are non-flushed. In (C1), 57 end protrudes on both
sides. o (2}, 37 end protoudes on both sides. In (C3), 37 end protrodes on one side and 37

end protrudes on the other side.

16302} For sequencing, paired-end sequencing protocals conmonly sequence one ond of
cach of the stands. They arc therefore considered double-stranded DNA sequencing
protocols. When the two ends are not flushed, protocols can either cut nucleotides oft or add
nucleotides to the end to make them flushed. The Klenow fragment is an enzvme that can
carry out such operations. Other protocols in the field use single-stranded DNA sequencing

protocols.

163083} Regardless of the specific techmigue used (including use of probes), as long as the
ending positions are repeatable and show correlation, as is shown here, whether a true end of
a DNA fragment 1s obtained in sequencing does not atfect the results, as any offset s
repeatable, and thus cancel out. Further, certain technigues can be used for identifving an

ending posttion, as is described in the Terms section.
G. Identification of preferred ending positions

[0334] Varicus embodiments described above identify preferred ending positions for viral
fragments, where some of the preferred ending positions can be contigaous, thereby forming
a preferred ending window. Differcnt metrics can be used to identifyv rates of occurrence of
cell-free viral fragments at genomic windows (¢.g., a genomic position for the smallest

window}.

[0305]  In vet other examples, a difference in sets of high rate ending positions {¢.g., rate
above a threshold) for samples having and not having a condition {¢.g., cancer, possibly of a
particular type) can be used to dentify preferred ending sites for a particular tissue type
associated with the condition, ¢.g., as described with the use of Venn diagrams. As vet other
examples, a significantly higher rate in one sample with a condition than with another

sample not having the condition can provide preferred ending sites of a particular virus. In
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various embodiments, some or all of such example techniques can be used together. The rate

can be measured by any metric of relative abundance.

[0386] In some embodiments of above methods, a first set of genomic positions at which
ends of cell-frce viral nucleie acid molecules oocur at a rate above a threshold can be
identified in the following manner. A calibration sampie can be analyzed in a similar manner
as the test sample, where the two samples of a same type (e.g., plasma, serum, urine, etc.) and
the calibration sample is known to include a first tissue tvpe {¢.g., tumor tissue of the hver for
an HCC patient}. A number of viral fragments ending in a genomic window {(¢.g., of width
one or more) can be compared to a reference value to determine whether a rate of ending
positions is above a threshold for that position. In some embodiments, if the rate exceeds the
reference vahue, cach of the genomie positions within the first genomic window can be
identified as having the rate be above the threshold when the corresponding number exeeeds
the reference value. Such a process can dentify preferred ending windows, which mclude

preferred ending positions.

0307} The reference value can be such that only the top N genomic windows have a rate
above the threshold. For example, the first set of genomic positions can have the highest N
values for the corresponding numbers. As examples, N can be at feast 10, at least 100, at feast
1,000, at least 2,500, at least 5,000, at least 10,000, at least 50,000, at least 100,000, at feast
500,000, at least 1,000,000, or at least 5,000,000.

[0308]  As another example, the reference value can be an expected number of viral
fragments ending within the genomic window according to a probability distribution and an
average length of cell-free DNA molecules in a sample. A p-valae can be determined using
the corresponding number and the expected number, wherein the threshold correspondsic a
cutoff p-value {c.g., 0.01}). The p-value being less than the cutoff p-value indicates that the

rate 1s above the threshold.

[0309]  As vet another example, the reference value can include a rmeasured mumober of ccli-
free DNA molecules ending within the genomic window from a sample identified as not
having cancer. To compare to the reference value, a first ratio can be taken of the
corresponding number ending at a position and a third number of the third plurality of cell-
free nucleic acid molecules covering the genomic window. For this comparison, the reference
value can include a reference ratio of the measured number of reads ending within the

genomic window and a fourth nember of the third plurality of celi-free nucleic acid
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molecules covering the genomic window and not ending within the genomic window. In one
implementation, the third mumber of cell-free nucleic acid molecules do not end within the
genomic window. It can be determined whether the first ratio 1s greater than a multiplicative

factor timnes the reference ratio.

10318  In some embodiments, a mull hypothesis is that all fragments would be fragmented
randomiv so that each genomuc position would have an equal probability of bemng the end of a
fragments. The fragments can be assumed to be a specified size {¢.g., 166 bp} on average.

The p-value was calculated as
pevalue = Poisson{Nacuat, Nprediot)

where Poisson () is the Poisson probability function; Nacwa is the actual number of reads

Total number of reads

ending at the particular nucleotide; and Ny egicr =
ending at the particular nucleotide; predict = T

. The p-value can be
adjusted using the Benjamini and Hochberg correction {Bejamini et al. Joumal of the Roval
Statistical Society, 1995,57:289-300) so as to achieve an expected false-discovery rate
(FDR), e.g., <1%. Accordingly, deternuining whether the rate 1s above the first threshold can
comprise determuning a corresponding p-value usmg the corresponding number and the
expected number, where the first threshold corresponds to a cutoff p-value. The
corresponding p-value being less than the cuioff p-value indicating that the rate of cell-free
nucleie acid molecules ending within the genomic window is above the first threshold.
{6311} In some embodiments, the genomic positions whose rate of the second plurality of
celi-free nucheic acid molecules ending on the genomic position is above the first threshold
comprises a first superset. Identifving the tirst set of genomic positions can further comprises
analyzing a third plurality of cell-free nucleic acid molecules from at least one second
additional sample identified as not having the cancer to identify a sccond superset of the third
plurality of celi-free nucleic acid molecules ending on the genomic position is above the first
threshold. The first set of genomic positions can comprise the genomie positions that are in

the first superset and that are not in the second superset.

H. Relative Abundance

{0312} Various examples of relative abundance values are provided herein, ¢.g., intact
probability (P1), p-value described in previous section, and the PETR value determined using
a genomic window or a genomic position when the window is of width one. For PETR fora

genomic position {window of width one), a corresponding number of viral nucleic acid
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fragments ending on the genonuc position can be computed for each genomic position of the
first set of genomic positions. This can be done as part of determining that the first number
(e.g., numerator} of the first plurality of viral fragments end on any one of the first set of
genomic positions. A third number {e.g., denomunator) of cell-free DNA molecules covering
the genomic position and not ending on the genomic position can be computed as part of
determining the second number of viral molecules. A first ratio of the corresponding number
and the third number can be determuned., and a mean of the first ratios can be used as the

relative abundance.

{6313}  In some embodiments, a window~based PETR (w-PETR) ratio between the numbers
of fragments ending within Window A and those ending within Window B can be
determined. For w-PETR, a corresponding munber of cell-free DNA molecules ending within
a first window including the genomic position can be computed for each genomic position of
the first set of genomic positions. A third number of cell-free DNA molecules ending within a
second window including the genomic position can be computed. The second window can be
larger than the first window. In some cases, first ratios of the corresponding mumbers and the
third numbers can be used as the relative abundance, or a mean of the first ratios used as the

relative abundance.

[6314] Another examples of a relative abundance value is a proportion of viral fragments
ending on a genomic window, ¢.g., measured as a proportion of sequenced DNA fragments
ending on a preferred ending position. Thus, the second set of genonic positions can include
all genomic positions corresponding to an end of at least one of the first plurality of viral

fragments.
V. COMBINED TECHNIQUES

{3315} The discussion above focused on cach of the tests as standalone techniques. In
various embodiments, the different techniques can be combined. A few examples of
combinations are provided below, along with some results. The combination of techniques
can be performed at a same time, ¢.g., using the same portion or different portions of a
sample or using different samples taken during a same clinical visit,

A Combined count and size
{0316} The count-based analvsis and the size-base analysis can be combined to achieve

mereased accuracy in discniminating between subjects with a pathology and those without.
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i. EBY

[6317] FIG. 54 illustrates a quantitative and size protile analysis of plasma EBV DNA m

patients with nasopharyngeal carcinoma and non-cancer subjects. We performed target-

capture sequencing of plasma EBY DNA and identified differences in the abundance and size
5 profiles of EBV DNA molecules within plasma of NPC and non-NPC subjects, as described

in sections on the standalone techniques.

[6318] Using combined count- and size-based analvsis of plasma EBV DNA, screening of
nasopharvngeal carcinoma could be performed with a single time-point testing at an
enhanced positive predictive value. NPC patients had significantly higher amounts of plasma
10 EBV DNA having longer fragment lengths. Cutoff values were established from an
exploratory dataset and tested in a validation sample set.
16319] FIG. 55 shows an overview of an analvsis of one validation set. The analysis
started with a validation st that included 56 transiently positive samples; 44 persistently
positive samples, and 29 confirmed NPC samples. Setting a cutoff value for the proportion
15 of plasma DNA fragments mapped to the EBV genome in subjects at 0.0009%, 18 of the
transitively positive samples were above the threshold; 35 of the persistently positive samples
were above the threshold; and 29 of the NPC samples were above the threshold. Using a size
index cotoff of greater than 0,143, 4 of the transiently positive were above the cutoff, 4 of the

persistently positive were above the cotof, and 29 of the NPC were above the cutoff,

24 [03208] Starting with an over 20,000-subject cohort, 1,112 subjects were positive for plasma
EBV DNA. 34 of those subjects had NP, 1,078 were false positives. Using the next
gencration sequencing hased assay for EBV quantity and size profile analysis, the number of
false positives was estimated to be reduced to 82 (803 transitively positive samples x (4/56)
+ 275 persistently positive x (4/44) gives an estimate of 82 false positives). The false

25 positive rate of the inttial assay was 5.4% (1078/(20174-34y*100%). Using the next
generation sequencing assays for EBV quantity and size protfile analvsis can reduce the false
positive rate to 0.4% (82 false positives/(20,174-34) total *100%;). The posttive predictive
value of the mitial assay was 3.19% (34/1112%100%). Using the next generation sequencing
assays for BBV guantity and size profile analysis can increase the positive predictive value to

30 29.3%. (34 true positives/(34 true positives +82 false positives)*100% = 29.3%). An
improved false positive and positive predictive value 18 provided, without comprising

sensitivity, all based on an mitial blood sample. FIG. 54 dlustrates that a next-generation
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sequencing assay performed on an mitial samples positive for plasma EBV DNA can reduce

a false positive rate and increase a positive predictive value.

{0321} In another embodiment, subjects wdentified as having NPC following a first analysis
using a proportion of sequenced plasma DNA fragments mapped to the EBV genome {e.g.,
greater than or equal to 0.0009%) and a subsequent second analysis using a size ratio (2.5,
less than or equal to 7%9). Using a combimnation of the plasma EBV quantity analysis{c.g., a
proportion of EBY DNA reads among all sequenced reads) and the size ratio, the NPC
detection rate, false positive rate and posttive predictive value in the cohort of 72 subjects
was calculated. The NPC detection rate was 100%. The false positive rate 15 13.5% and the
positive predictive value 1s 86.5%. In contrast, using only real-time PCR analysis to screen
for subjects having NPC, the false positive rate was 30.4% and the positive predictive value
was 69.6%. Therefore, we could observe an almost three-fold reduction in the false positive
rate using a combined analvsis of EBV DNA guantity and size analvsis from targeted capture

sequencing with the above cutoffs of 0.0009% and 7%.

16322] Adopting a model that required a sample to concurrently pass cutoffs for EBV DNA
counting and size measurements, NPCs were detected at a positive predictive value (PPV) of
19.6%. Accordingly, a plasma sample was deemed to be positive and identified as NPC if its
sequencing data concurrently passed the cutoffs in both the count- and size-based analvses.
This represented superior performance when compared with the PPV of 11.0% in the
prospective screening study that required participants with an imtially detectable plasma EBY

DNA result io be retested within 4 weeks.

[0323] We performed the combined count- and size-based analysis for all samples in the
validation sample set. By applying the same cutoff values defined in the exploratory dataset,
all the samples of NPC patients from both the screening and external coborts could be

capiured.

[3324] FI(G. 56A shows a plot of the relationship between the proportions of plasma EBV
reads and corresponding size ratio values for all the cases in the validation sampie set. The
same cutoff valacs in the count- and size-based analyses defined in the exploratory sample set
are denoted by the grey dotted lings. The red oval highlights the quadrant with cases which
passed the cutoffs in the combined count- and size-based analvsis. There were 15 {out of 1539}
subjects with transiently positive resulis and 17 {out of 73} subjects with persistently

positively results who passed both the cutoffs in the count- and size-based analyses.
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[0325] We compared the diagnostic performances of the count-based, size-based and
combined count- and size-based analyses as well as real-time PCR m differentiating NPC
patients from non-cancer subjects i the validation sample set using receiver operating

characteristic (ROC) curve analysis.

10326] FIG. 56B shows the recetver operating characteristic (ROC) curves for the count-
based analysis, size-based analysis, combined sequencing analvsis, and real~time PCR
quantitative analysis. The real-time PCR performance is based on guantitative plasma EBY
DNA values determined by the real-time PCR assay to arbitrate between the NPC and non-
NPC cases. The arca under the curve (AUC) values are shown. Area under the curve values
for the count-based, size-based and combined analyses were 0.93, 0.92 and 0.97,
respectively, and were significantly higher than that of PCR-based analysis (0.75) (7=0.0071,
P=0.0143, P=0.0008 respectively, Bootstrap test). These data show that the count-based
analysis alone, the size-based analysis alone or the combined count- and size-based analysis

all performed better than using real-time PCR for plasma EBV DNA quantification.

0327}  Since the combined count- and size-based analysis achieved the best diagnostic
performance, we proposed a new NPC screening protocol with meorporation of the combined
analysig of plasma EBV DNA after baseline real-time PCR-based analysis. Target-capture
scquencing would be performed on baseline plasma samples with EBY DNA detectable by
real-time PCR. In this new protocol, subjects are defined as “screen-positive” if their plasma
samples pass the cutoffs in both the count-based and the size-based analyses. Subjects are
defined as “screen-negative” if the plasma samples do not pass the cotoff in either the count-

based or size-based analysis.

16328] FIG. 57 shows modeling the performance of count-based analysis and size-based
analysis of plasma EBV DNA in the entire 20, 174-subject screening cohort using the cutoffs
from FIG. 56A. The estimated sensitivity, specificity, positive predictive value and false

positive rates are stated. CI denotes that 959 confidence intervals.

{03281 Based on the performance of the combined analysis in the validation sample set, we
have estimated the sensitivity, specificity, positive predictive value and false positive rate in
the entire 20,174-subject cohort of the prospective screening trial assuming the new screening
protocal were adopted. In the validation cohort, 15 out of 159 (9.4%) subjects with
transiently positive EBV DNA results, 17 out of 73 (23.3%) subjects with persistently

positive results and all the 24 patients with NPC {100%) passed the cotoffs in the count- and
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size~based analvses. They were all considered as “screen-positive” according 1o the new
protecol. In the screening study, one subject with undetectable plasma EBV DNA by real-
time PCR analysis developed NPC within one year (7). Since all the cancer cases tested
positive in the screening study could be captured, the projected sensitivity of this new
protocol would be 87 1% (95% confidence interval (T}, 95.5 to 98.7%;), which would be the
same as for the previous two ime-point sergening protocol. The estimated number of subjects
with false “screen-positive” results was 140 (9.4% of the “transiently positive” group and
23.3% of the “persistently group” m the screcning cohort). The estimated specificity would be
99.3% (953% (1, 99.2% to 99.4%}. The PPV and false positive rate were estimated to be
19.6% (95% CI, 13.7% to 25 5% and 0.70% (93% C1, 0.58% 10 0.8%), respectively. The
projected performance of the count-based and size-based analyses in the 20,174-subject

cohort 1s shown 1 Table 4.

20,1 74-subject cohort
Sensitivity (%} Specificity (%) PPV (%}
Count-based
97.1 974 6.1
analvsis
Size-based
97.1 983 2.9
analysis
Combined analvsis 97.1 993 19.6

Table 4. Projected diagnostic performance of the count-based, size-based and combined

analyses in the 20,174-subject cohort.

[6338] By uncovering the differences in abundance and size profiles of plasma EBY DNA
among sabjects with or without NPC, more specific identification of NPC could be achieved.
The cutoff values determined for the sequencing analyses were based on the geal to maintain
the sensitivity achieved with real-time PCR testing in the prospective screening study (7).
Thus, the kev differentiator for the performance of the sequencing-based test rooted in the

improved specificity that it offered. The data from the prospective screening study showed
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that real-time PCR had a false-positive rate of 5.4% when testing was performance on a
single baseline blood sample. This was associated with a PPV of 3.1%. In this study, the
sequencing analyses were performed on the bascline blood samples. Using the count-based
sequencing approach, the false-positive rate was 2.6% and the PPV was 6.0% (Table 4}. The
size-based approach when used independently has a false-positive rate of 1.7% and PPV of
8.9%. To further enhance the test performance, we proposed an approach that required a
sample to concurrently pass both the count~ and size-based cutoffs in order to be deemed as
tested positive. Using such a combined approach, we achieved a false-posifive rate of just
(0.7% and PPV of 19.6%. These data represent a significant improvement over that of real-

time PCR cven when considering the two time-point protoco! that had a PPV of 11.0%.

[8331] 'The scquencing-based analyses allows the identification of the presence of plasma
EBV DNA at the same time as guantifving {count-based analysis) or measuring the DNA size
profile (size-based analysis) and thus could be used as tests mdependent of prescreening by
other tests. On the other hand, the projected performance shown in Table 4 also suggests that
the sequencing-based test could be used as a second tier test subsequent to testing by real-
time PCR. Real-time PCR is used to determine the presence or absence of plasma EBY DNA
in a subject. If the real-time PCR test is positive, one could then perform just the count-based
sequencing analysis, just the size-based sequencing analysis, or the combined count- and
size-based sequencing analysis to distinguish the cancer true positives from the false-positive
cases {positive for EBY DNA but without NPC3. Such an arrangement would render the NPC
screening program most cost effective because every screened mdividual is tested by the real-
time PCR test, which is of lower costs than sequencing. Osly those tested positive for plasma
EBY DNA by real-time PCR (about 5% of the population) would proceed to the sequencing
test. The sequencing test could be performed on the same plasma DNA extraction as the real-
time PCR test, sample from the same blood draw but a different aliguot, or a different blood
draw. However, should sequencing costs fall or deemed cconomical enough, all first line
screening could be based on sequencing {count-based alone, size-based alone or combined
count- and size-based}. It may offer practical advantage to the laboratory for maintaining one

test than two platforms for the one program, namely real-time PCR and sequencing,

2. Determining cutoffs

[8332] We have adopted modelling approaches to develop algorithms for the use of EBV

DNA count and size ratio analyses in differentiating NPC patients from non-NPC subjects
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with transiently and persistently positive plasma EBV DNA . In one embodiment, we have
used the classification and regression trees {CART) analysis. One aim of the CART analysig
is to achicve the largest separation among the different groups {or the highest detection rate
of each group). This 1s achieved by developing the algorithm for the EBV DNA count and
size analyses and finding an optimal cutoff value in the two parameters (EBV DNA count
and size ratios). Using the CART analysis, we have developed the algorithm: analysis of
EBV DNA size ratios first, then the EBV DNA count. The threc numbers in cach set
represent the number of non-NPC subjects with transiently positive plasma EBV DNA| non-

NPC subjects with persistently positive plasma EBY DNA and NPC patients, respectively.

[6333] FIGS. 58 and 539 show the results of a classification and regression tree (CART)
analysis to determine optimal cutoff values in various parameters for distinguishing between
subjects that are transiently positive or persistently positive for plasma EBY DNA but have
no observable pathology, or subjects wdentified as having NPC. A person having ordinary
skill in the art will appreciate that a variety of methods may be used to determine the cutoff
values used to distinguish between different groups withio the cobort or population. A non-
fimiting example of such a method is CART analysis. In the CART analysis, the goal is to
find an optimal cutoff value in the parameters to achieve the largest separation among the

different groups {or the highest detection rate of each group).

[3334] This CART analysis vielded that the size ratio cut~-off value = 4.837, and the log
(EBV count} cut-off value = -2.655. Using these cutoff values, the NPC detection rate was
90.6% and the posttive predictive value is 90.6%. With the EBYV DNA size ratio analysis and
the cutoff value set at 4.837, 24 non-NPC subjeocts with transiently positive, 13 non-

NPC subjects with persistently positive plasma EBY DNA and 3 NPC patients were
classified intc one group (EBV DNA size ratio greater than or equal to 4 837), and 2 non-
NPC subjects with transiently positive, | non-NPC subjects with persistently positive plasma
EBY DNA and 29 NPC patients were classified into another group (EBV DNA size ratio less
than 4.837).

16335] The group with EBV DNA size ratio greater than or equal to 4837 were further
classified with the EBV DNA count analysis. With the EBVY count analysis and the cutoff
value of log (EBVY count) s¢t at -2 655, 21 non-NPC subjects with transiently positive, 1 non-
NPC subjects with persistently positive plasma EBYV DNA and 0 NPC patients were

classified mto one group (Jog (EBV count) less than -2.655), and 3 non-NPC subjects with
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transiently positive, 12 non-NPC subjects with persistently positive plasma EBV DNA and 3
NPC patients were classified into another group (log (EBV count) greater than or equal to -
2.655). With these cutoft values, the NPC detection rate 1s 90.6% and the positive predictive

value 15 90.6%. Other decision tree types could also be used, including but not limited to

(]

bogsted trees and bootstrap aggregated decision trees.

3. Method

0336} FIG. 60 is a flowchart for a method that combined a count-based and a size-based

analvsis of viral nucleic acid fragments to determine a level of pathology according to

embodiments of the present invention. Aspects of method 6000 can be performed 1n a sinular
10 manner as methods 2200 and 4000, At least 3 portion of the method may be performed by a

computer system.

133377 Method 6000 can analvze a biclogical sample to determine a level of pathology in a
subject from which the biological sampie is obtained, where the biological sample includes a
mixture of cell free nucleic acid molecuoles. The mixtare can mehide nacleic acid molecales

15 from the subject and potentially nucleic acid molecules from a virus. The analvsis can be
performed on subjects that are asymptomatic for the pathology (e.g.. a type of cancer, CIN, or

mononucleosis), and thus identify subjects at an early stage of the pathology.

10338] At block 6010, a first assay is performed. The first assay can analyze a plurality of

cell-free nucleic acid molecules from a tirst biological sample of the subject to determine a
20 first amount of the plurality of cell-free nacleic acid molecules aligning to a reference

genome corresponding to the virus. As examples, the first assay can include real-time

polymerase chain reaction (PCR) or sequencing, ¢ g., as performed in method 2200

1033%9] At block 6020, a second assay 1s performed using a size-based analysis. Blocks

6022 and 6024 can be performed as part of performing the second assay. The second assay

e
W

can be performed on a second biclogical sample, which may be the same or different than the
first biclogical sample. The first biological sample and the second biclogical sample can be
from a same blood sample {e.g., different plasma/serum portions). In some cmbodiments, the
sccond assay is only performed when the first amount is above the first cutoff. The second
assay can be performed 1 a similar manner as described in for method 4000, .., via

30 electrophoresis or sequencing both ends of a nucleic acid fragment and alignment. Such

sequencing can be targeted sequencing, €.g., involving capture probes as described herein
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{0346 Atblock 6022, a size of cach of the plurality of nucleic acid molecules in a second
biological sample 1s measured. Block 6022 can be performed in a stmilar manner as block

4010 of FIG. 40.

(0341} Atblock 6024, a second amount of a size distribution of the plurality of nucleic acid
molecules from the reference genome is determined. Block 6024 can be performed in a
sinitiar manner as block 4030 of FIG. 40, In some embodunents, the second amount is of
nucleic acid molecules having a size within a given range and aligning to the reference
genome. Such a second amount can be normalized using a third amount of cell-free nucleic
acid molecules baving a size within a different range and aligning to the reference genome
{e.g., as in FIG. 31). As another example, second amount can be nommalized using a third
amount of cell-free nucleic acid molecules having a size within the given range and aligning

to an autosomal genome. {e.g., as m FIG. 32).

0342] Atblock 6030, the first amount is compared to a first cutoff. It can be determined
whether the first amount exceeds the first cutoff {e.g., above). An extent that the first amount
exceeds the first cutoff can be determined, ¢.g., 5o as to inform the final determmation of the

level of pathology.

[0343] At block 6040, the second amount is compared to a second cutoff. it can be
determined whether the first amount exceeds the first cutoff (e.g., above or below, depending
on how the second amount is defined). An extent that the scoond amount exceeds the second
cutoff can be determined, ¢.g., 5o as to inform the final determination of the level of

pathology.

16344] At block 6050, the level of pathology 1 the subject is determined based on the
comparing of the first amount to the first cutoff and the comparing of the second anmount to
the second cutoff. In some embodiments, the subject is determined to have the pathology only
if the first amount exceeds the first cutoff and the second amount exceeds the second cutoff
[3345] In various embodiments, the positive predictive value of determuning the level of
cancer can be at least 15%, at least 17%, or at least 19%, a sensitivity of determining the fovel
of cancer is at feast 959, at least 96%, or at least 97%, and/or a specificity of determining the

level of cancer 1s at least 95%, at least 96%, at Teast 97%, at least 989, or at least 999,

5. Combined fragmenis and size

10346] As another example, the fragmentation and size analyses can be combined.
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{8347} FIG. 61 shows a scatter plot of the B/A ratio vs the percentage of EBV DNA
fragments below 150 bp in plasma for {closed circle) subjects persistently positive for plasma
EBY DNA but having no observable pathology, and (open circle) NPC subjects. Based on the
percentage of sequenced plasma EBV DNA fragments of <i530 bp and the B/A ratio, NPC
sabjects could be differentiated from those with false-positive plasma EBY DNA results.
Only one subject with a false-positive result was clustered with the NPC subjects using these

two parameters.
VI BENEFITS OF IMPROVEMENTS

16348] From the public health point of view, any maprovement in the PPV would have a
substantial impact. Guangdong is one of the proviaces in China with the highest incidence
rates of NPC 733}, According to the China Statistical Yearbook 2016, there are about 20
million men aged between 40 to 65 vears old in the Guangdong province. If g eniversal NPC
screening program is adopted for all men within this age range who have the highest age-
specific incidenee, the new protocol would lead to a reduction in the number of false
positives by 50%, that 1s, 140,000 subjects. Such a large number would mply a substantial
reduction in the medical expenditures initially spent on follow-up tests and confirmatory

investigations meluding endoscopy and magnetic resonance imaging (MRI),

[034%] A benefit of some embodiments is that high PPV could be achieved from blood
sampling of just a single time-point. By overcoming the need for testing at two time-points,
our new protocol has significant advantages over the previous protocol requiring two time-
point testing. Previous studies on other cancer screening programs have shown that a
substantial proportion of participants with abnormal sorcening test results reported anxigty
and distress (34). Hence, for two time-point testing, subjects with detectable EBY DNA at
bascline could only obtain their final screening status after the follow-up tests. These subjects
may expericnce anxiety while waiting for the follow-op tests. In addition, the requirement to
test two time-points presents much logistical challenges. There are direct costs associated
with recalling subjects inttially tested positive tor second testing. Compliance may become an
1asue when the protocol s adopted in the climical context. Reduction in comphiance would
result i reduction m the sensitivity of the NPC screening program. In contrast, the new
sequencing-based protocol obviates the need for a second blood sample to define a person
having been “screened positive’. This new protocol 1s thus more chinically and logistically

practical, and may be more easily accepted by the general public.
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{0356 The data in our current study showed that target sequencing analysis of plasma EBV
DNA could achieve high PPV for NP screening. In this study, the performance of the
sequencing test is modeled against the cases assessed by real-time PCR in the prospective
screening study. Therefore, the performance data are representative of a two-staged test that
combines the use of real-time PCR and sequencing analysis of plasma EBYV BNA. For
example, real-time PCR assessment of plasma EBY DNA is performed as the first line test.
5.5% of tested subjects {comprising truc NPC and false-positives) would have detectable
levels of plasma EBY DNA. These samples would then be additionally analvzed by the
sequencing test. This would represent a much more cost-effective approach because ~95% of

the population could be screened negative by the real-time PCR test.

(0351}  Ohwr work has highlighted the value of studving the fragmentation patterns of viral
nucleic acids in human plasma. The chinical significance of the presence of EBV DNA in
plasma of subjects without NPC is currentlv unknown. By showing the differences m the
molecular nature of these molecules from those found m plasma of NPC patients offer some
level of reassurance that they are less likely to represent a predisposition to NPC,
Nonetheless, we are currently following up these individuals on an anoual basis to assess
their clinical outcome i the future. On the other hand, it would be worthwhile to explore the
fragmentation patterns of plasma EBV DNA in different EBV -associated diseases or cancers,
for examples, infectious mononucleosis, Hodgkin lymphoma, Burkitt's bymaphoma and post-
transplant lvmphoproliferative disorder. Such work would be useful for establishing disease-
specific molecular signatures of plasma EBV DNA and understanding the pathophysiology of
EBY in different discases. In future studies, the fragmentation patterns of circulating DNA
molecules of other viral specics associated with cancers ¢35/ could also be analyzed. For
examples, circulating hepatitis B virus DNA in patients with hepatocellular carcinoma and

circulating human papitiomaviras DNA in patients with cervical cancer could be studied.

{33821  In summarv, we have developed a second generation approach for screening of
NPC. This approach is based on the differentiating quantitative and size-based characteristics
of plasma EBY DNA between NPC patients and non-cancer subjects. Such an approach not
only demonstrates a more supertor performance in reduction of false positives but also allows
a single time-point testing without the need of a follow-up blood sample. We believe that this
more climcally practical protocol would greatly streamime testing and facilitate the
umnplementation on a population scale. It is envisioned that the mortality rate from NPC

would potentially be reduced as a result of mass screening in endemic regions. This study has
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also shed hight on avenues of future developments for plasma DNA-based screening for other

cancer types.

[03583] Some embodiments can comprise providing a therapeutic infervention based on the

classification or performing imaging of the subject based on the classification.
5 VH. MATERIALS AND METHODS

16384] Various cxample techniques are descnibed below, which may be implemented in

various embodiments.

[3355] Regarding blood sample collection and plasma DNA cextraction, peripheral blood
samples can be collected mto EDTA-~contaiming tubes and immediately stored at 4° C. The

10 blood sample can be centrifuged to separate plasma from remaining blood components (¢.g.,
red blood cells, white blood cells, and platelets). For example, the blood samples can be first
centrifuged at 1,600 g for 10 min at 4° C and the plasma portion re-centrifuged at 16,000 g
for 10 min at 4° C fo remove the residual blood cells. Centrifugation for 15 minutes at 2,000
x g depletes platelets in the plasma sample. Plasma samples can be stored at 2-8 °C until

15 further analysis. Plasma DNA was extracted from 4 mbL of plasma. DNA from plasma was

extracted using the QlAamp DSP DNA Blood Mini Kit (Qiagen).

16336] Regarding DNA hibrary construction, indexed plasma DNA libraries can be

constructed using the KAPA Library Preparation Kit {Kapa Biosystems) according to the

manufacturer’s protocol. The adaptor-ligated DNA was amplified with 13 cycles of PCR
20 using the KAPA HiFi HotStart ReadyMix PCR Kit (KAPA Biosystems}.

13357] Regarding sequencing of DNA libraries, the multiplexed DNA lLibraries can be
sequenced using either the NextSeq 500 or the HiSeq 2500 Sequencing platforms (Iomina).
A paired-end sequencing protocol was used, with 75 nucleotides being sequenced from cach

end.

25 [6358] Regarding alignment of sequencing data, the paired-end sequencing data can be
analvzed by means of the SOAP2 (36) in the paired-end mode. The paired-end reads were

aligned to the combined reference genomes including reference human genome (hg19} and

EBV genome (AJS0 2}. Up to two nucleotide mismatches were allowed for the
aligonment of each end. Only paired-end reads with both ends uniquely aligned to the same
30 chromosome with the correct orientation, spanning an insert size within 600 bp, were used for

downstream analysis.



(]

10

30

WO 2018/137685 PCT/CN2018/074138
88

[035%]  In some embodiments, sequencing data analysis was performed by bioinformatics
programs written in Perl and R languages. The Kruskal-Wallis test was used to compare the
plasma EBV DNA concentrations among the NPC patients, non-cancer subjects with
transiently positive EBV DNA and non-cancer subjects with persistently positive EBV DNA
in the whole screening cohort and 1n the exploratory and validation datasets. The Kruskal-
Wallis test was also used to compare the proportion of EBY DNA reads in the three groups in
the exploratory and validation datasets. A £ value of <0.05 was considered as statistically

significant.
A Targeted envichment

{6366} The specificity of detecting tumor-derived nucleic acids can be proportional with
the concentration of tumor-derived nucleic acids in the sample. Accordingly, target-specific
enrichment can be used to tncrease the concentration of tumor-derived mucleic acids m the
sample. For example, a DNA probe having a sequence complementary to, and capable of
binding, BamBl1 sequence (5°-GGATCC-37) in EBY DNA can be used to perform targeted
corichment of the EBV DNA fragments n the sample. The DNA probe is also labeled with a
high affinity tag {c.g., biotin}, which allows the target-bound probe to be recovered.
Following recovery of the target-bound probe, the EBY DNA is dissociated and separated
from the probe. Subsequently, the enriched sample can be analyzed according the methods

described herem.

0361} For carichment of viral DNA molecules from the plasma DNA samples for
subsequent sequencing analvsis, target enrichment with EBV capture probes was performed.
The EBV capture probes which covered the entire EBV genome were ordered from Roche
NimbleGen (SeqCap EZ Developer, Roche NimbleGen Inch. BNA libraries from 3 samples
were multiplexed m one capture reaction. Equal amounts of DNA libranes for each sample
were used. We had also included probes to cover human autosomal regions for reference.
Since EBY DNA is the minority in the plasma DNA pool, an ~100x more excess of EBY
probes relative to the autosomal DNA probes were used in cach capture reaction. After the

capture reaction, the captured DNA libraries were re-amplified with 14 cycles of PCR.

[3362} In some embodiments, targeted capture can be performed using capture probes
designed to bind to any portion of the EBV genome. In some embodiments, capture probes
can be biotinylated, and magnetic beads {e.g., streptavidin coated beads} are used to pull

down or enrich the capture probes hybridized to a nucleic acid target {¢.g., an EBV genome
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fragment) after library preparation. In some embodiments, the panel of capture probes used
can also target a portion of the haman genome. For example, capture probes may be designed
1o hybnidize to at least a portion of one or more chromosomes {e.3., cither copy of
chromosomes 1, 8, and/or 13}, In some embodiments, at least about 1 mb, at feast 5 mb, at
feast 10 mb, at least 20 mb, af least 30 mb, at Icast 40 mb, at least 5 Omb, at least 60 mb, af
least 70 mb, at least 80 mb, at least 90 mb. or at least 100 mb of the human genome is
targeted using capture probes m the pancl. fo some embodiments, the capture probe panel can
pull down about 285 sequence reads corresponding to the EBV. In some embodiments, the
capture probe panel can pull down about 40 million sequence reads corresponding to the

human genome.

[0363] To analyze the cell-free human papilloma virus (HPV) DNA 1n plasma, targeted
sequencing with capture enrichment by specifically designed capture probes can be used.
These capture probes can cover the whole HPV genome, the whole hepatitis B virus (HBV)
genome, the whole EBVY genome and multiple genomic regions in the human genome
(inchuding regions on chrl, che2, che3, chr3, chr8, chrl5, chr22) For each plasma sample
analvzed, DNA was extracted from 1-4 ml plasma using the Q3fAamyp Circulating Nucleic
Aqid kit. For each case, all extracted DNA was used for the preparation of the sequencing
Library using the TraSeqg Nano library preparation kit. Twelve cycles of PCR amplification
was performed on the sequencing library using the [Humina TruSeq Nano PCR amplification
kit. The amplification products were captured using the SEQCAP-EZ kit (Nimblegen) using
the custom-designed probes covering the viral and human genomic regions stated above.
After target capturing, 14 cveles of PCR amplification were performed and the products were
seguenced using the IHumina NextSeq platform. For each sequencing run, four to five
samples with unigue sample barcodes were sequenced using the paired-end mode. Each DNA
fragments would be sequenced 75 nucleotides from cach of the two ends. After sequencing,
the sequenced reads would be mapped to an artificially combined reference sequence which
consists of the whole human genome (hg19), the whole HPV genome, the whole HBY
genome and the whole EBV genomes. Seqacnced reads mapping to unigue position in the

combined genomic sequence would be used for downstreant analysis.

[6364] For example, capture probes may be designed to cover the whole EBV genome, the
whole hepatitis B virus (HBV) genome, the whole homan papillomavirus (HPV) genome
and/or multiple genomic regions in the buman genome (including regions on chrl, chr2, chr3,

chrS, chig, chrl5 and chi?2). To efficiently capture viral DNA fragments from plasma, more
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probes hybndizing to viral genomes than human autosomal regions of interest may be used.
In one embodiment, for whole viral genomes, on average 100 hyvbridizing probes covering
cach region with ~200 bp in size {c.g., 100X tiling capturing probes). For the regions of
interest of human genome, we designed on average 2 hyvbridizing probes covering gach
region with ~200 bp in size (e g., 2X tiling capturing probes). The capture probes may be

designed according to Table 5.

Table 5: Design of capture probes for targeted sequencing

Length {bp) Tﬂfge;zgigimum
chri 29,382,851
chi2 819,181
chr3 25,081,149
Autosomes chrs 2330 138 2x tiling capturing
chrd 21,438,698 probes
chrl5s 767,847
chr22 327,728
EBV 170,771
HBY 3,216
HPV18 7,855
HPV18 7,789
HPV31 7,794
HPV33 7.744
HPVY35 7.813
Viral targets |- 7,734 10{?)( tifing
HPV45 7784 capturing probes
HPV51 7674
HPV52 7 820
HPV56 7 814
HPV58 7,705
HPVE6 7 806
HPVES 7,754
HPV70 7,884
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0365} There were atotal of 2.1M probes for human DNA, EBV HPV and HBY. 188,342
probes were for EBV DNA capture. The ratio of EBV sequence to be captured to human

DNA sequence to be captured was 0.0021.
5 B Amplification-free analysis

16366] The analysis of the cell-frec DNA molecules can be amplitication freec. When using
PCR, the sequencing depth {1.¢. the number of sequence reads covering a particular
nucleotide or ending on the particular nucleotide 1 a reforence genome) does not directly
reflect how manv plasma DNA molecules covering that particular nucleotide are analyzed.

10 This is because one plasma DNA molecule can generate multiple rephicates during the PCR
process, and multiple sequence reads can ongmate from a single plasma DNA molecule. This
duplication problem would become more important with: i} a higher number of PCR cycleg
for amplifying the sequencing library, i1} an increased sequencing depth, and 1) a smaller

number of DNA molecules in the original plasma sample {¢.g. a smaller volume of plasma).

15 J8367] Accordingly, some embodiments can include obtaining teraplate DNA molecules
from the biological sample to be analyzed; preparing a sequencing library of analyzable DNA
molecules using the template DNA molecules, the preparation of the sequencing library of
analyzable DNA molecules not including an operation of DBNA amplification of the template
DNA molecules; sequencing the sequencing bibrary of analyvzable DNA molecules to obtain a

20 plurality of sequence reads corresponding to the first plurality of cell-free DNA molecules.
Aunalyzing the first plurality of cell-free DNA molecules can mclude receiving, at the
computer system, the plurality of sequence reads and aligning, bv the computer system, the
plurality of sequence reads to the reference genome to determine genomic positions for the

plurality of sequence reads.

e
W

VHE SUBJECTS

[3368] Where relevant in the description herein, a subject can have any tvpe of cancer or
tumor. In an example, a subject can have nasopharvngeal cancer, or cancer of the nasal
cavity. In ancther example, a subject can have oropharyogeal cancer, or cancer of the oral
cavity. Non-limiting examples of cancer can mclude, but are not limited to, adrenal cancer,
3¢ anal cancer, basal cell carcinoma, bile duct cancer, bladder cancer, cancer of the blood, bone

cancer, a brain tumor, breast cancer, bronchus cancer, cancer of the cardiovascular system,
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cervical cancer, colon cancer, colorectal cancer, cancer of the digestive system, cancer of the
endocrine system, endometnal cancer, esophageal cancer, eve cancer, gallbladder cancer, a
gastrointestinal tumor, hepatocchular carcinoma, kidoey cancer, hematopoietic malignaney,
laryngeal cancer, leukemia, liver cancer, lung cancer, lymphoma, melanoma, mesothehioma,
cancer of the muscular svstem, Myelodysplastic Syndrome (MDS), myeloma, nasal cavity
cancer, nasopharyngeal cancer, cancer of the nervous system, cancer of the lymphatic system,
oral cancer, oropharyngeal cancer, osteosarcoma, ovarian cancer, pancreatic cancer, penile
cancer, pituitary tumors, prostate cancer, rectal cancer, renal pelvis cancer, cancer of the
reproductive system, cancer of the respiratory system, sarcoma, salivary gland cancer,
skeletal system cancer, skin cancer, small intestine cancer, stomach cancer, testicular cancer,
throat cancer, thymus cancer, thyroid cancer, a tumor, cancer of the urinary system, uterine
cancer, vaginal cancer, or vulvar cancer. The term ‘lvmphoma’ generally refers to any type of
tvmphoma including B-cell iymphoma {¢.g., diffuse large B-cell lymphoma, follicular
tyraphoma, small lymphoevtic Tviaphoma, mantic cell lviaphoma, marginal zone B-cell
lymphoma, Burkitt lymphoma, lvmphoplasmacytic lymphoma, hairy cell leukenua, or

primary central nervous system lymphoma) or a T-cell lvmphoma (e.g., precursor T-

{vmphoblastic lymphoma, or peripheral T-cell lvmphoma). The term “leukemia’ generally
refers to any type of leukemia including acute leukemia or chronic leukemia. Tvpes of
leukemia include acute myveloid leukemia, chronic myeloid leukemia, acute lyvmphocytic
leukemia, acute undifferentiated leukemia, or chronic lymphocytic leukemia. In some cases,

the cancer patient does not have a particular type of cancer. For example, in some instances,

the patient may have a cancer that is not breast cancer.

0369 Examples of cancer include cancers that cause solid tumors as well as cancers that
do not cause solid tumors. Furthermore, any of the cancers mentioned hergin mayv be a
primary cancer (¢.g., a cancer that 1s named after the part of the body where it first started to
grow} or a secondary or metastatic cancer {¢.g., a cancer that has originated from ancther part

of the body).

163761 A subject at risk of cancer may be at risk because of a particular condition such as a
pre-cancerous condition. Pre-cancerous conditions include but are not limited to actinic
keratosis, Barrett's esophagus, atrophic gastritis, ductal carcinoma in situ, dyskeratosis
congentta, sideropenic dvsphagia, lichen planus, oral submucous fibrosis, solar elastosis,
cervical dysplasia, leukoplakia, and erythroplakia). In some cases, a patient may be at risk of

cancer because of cell or tissue dysplasia {e.g., an abnormal change in cell number, abnormal
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change in cell shape, abnormal change m cell size, or abnormal change in cell pigmentation).
A subject that 15 at risk of cancer may be a patient that was exposed o a carcinogenic agent.
Such patients may include patients with exposure to known or probable carcinogens {¢.g.,
acetvlaldehyde, asbestos, or tobacco products), or patients exposed {o iomzing radiation {e.g.,

gamma radiation, beta-radiation, X-radiation, or ultraviolet radiation}. In some cases, a

patient at risk of cancer is at risk because of a family history of cancer.

33711  In some embodiments, a method of the present disclosure may detect a tumor or
cancer in a subject. wherein the tumor or cancer has a geographic patiern of disease. In an
cxample, a subject may have an EBV -related cancer {¢.g., nasopharyngeal cancer), which is
prevalent in South China (e.g., Hong Kong SAR). In another example, subject may have an

HPV-related cancer {e.g.

Pl

oropharvngeal cancer), which is prevalent in the United States and
Western Hurope. In yet ancther example, a subject can have a Human T-lymphotrophic virus-
I (HTLV-1)-related cancer {e.g., adult T-cell leukemia/lymphoma), which 1s prevalent in
southern Japan, the Caribbean, central Africa, parts of South America, and in some

immigrant groups o the southeastem United States.

(63727 Both DNA and RNA viruses have been shown to be capable of causing cancer in
humans. In some embodiments, a subject may have a cancer caused by a virus {e.g., an
oncovirus). In some embodiments, a subject may have a cancer, and the cancer may be
detectable using viral DNA. For example, viral DNA may have a unique fragmentation
patiern in healthy subiects as compared to a subject having a cancer or tumor. In some
aspeats, a particular viral-DNA fragmentation pattem {¢.g., the viral-DNA fragmentation
patiern in a control subject or a tumor subject) may be detectable using one or more specific
nucleotides at which the viral DNA fragments, the size (¢.g., length or mass) of the resulting
fragmented viral DNA, the copy number of the viral DNA fragments, or any other
characteristic of the viral DNA fragments {c.g., methylation signature, sequence, GC content,
or binding affinity) In some embodiments, a subject may have cancer, and the cancer may be
detectable using tumor-derived viral DNA . In some embodiments, a subject may have a
cancer, and the cancer may be detectable using tumor-derived viral BNA| or a fragment
thereof, in cell-free sample obtained from the subject (¢.2., a blood sample, a plasma sample,
or a serum sample). A person having skill in the art will appreciate that a virus may have
multiple viral strains {e.g., related viruses that may differ in their genstic makeup), which are
imcluded within the scope of the embodiments of the present application. For example, a

subject can have oral, oropharvngeal, cervical cancer, penile, anal, vaginal, or vulvar cancer
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caused by (or associated with) infection by a HPV, which can include more than 150 related
viruses. Infoction with EBY can also mcrease a subject’s risk of developing nasal cancer,
nasopharyngeal cancer, lvmphomas (¢.g., Burkitt lvmphoma or Hodgkn lymphoma), or
stomach cancer. In vet another example, mfection with the Hepatitis B virus (HBV) or
Hepatitis € virus can cause chronic infections, which can increase a subject’s chance of
developing liver cancer. Non-limiting examples of viruses that may cause, or be associated
with, cancer in a subject include HPV, EBV, HBY, hepatitis C virus (HCV), Human
immunodeficiency virus (¢.g., associated with Kapost sarcoma, cervical cancer, non-Hodgkin
lymphoma, anal cancer, Hodglun disease, hing cancer, oral cancer, oropharyngeal cancer,
skin cancer, and liver cancer), human herpes virus 8 {¢.g., associated with Kaposi sarcoma,
blood cancer, primary effusion lymphoma, and Castleman discase)}, Human T-lymphotrophic
viras-1 {e.g., associated with lvmphoeytic leukemia, non-Hodgkin lymphoma, and adult T-
cell leukenua/lymphoma), and Merkel cell polvomavirus (e.g., associated with skin cancers
such as Merkel cell carcinoma). In some embodiments, a non-human subject {¢.g., a primaie)
may have cancer, and the cancer mayv be detectable using tumor-derived viral DNA. For
example, infection with Simian virus 40 (8V40) can increase a subject’s nisk of developing

mesothelioma, brain tumor, bone cancer, and lvmphoma.

[0373] A subject as described herein may be of any age and may be an adult, mfant or

child. In some cases, the patient is 0, 1, 2.3, 4,5, 6,7,8,9 10, 11, 12, 13, 14, 15, 16, 17, 18,

19,20, 21,22, 23,24, 25,26, 27, 28, 29, 30, 31, 32, 33, 34, 33, 36, 37, 38, 39, 40, 41, 42, 43,
44, 45,46, 47, 4849, 50, 51, 52, 53, 54, 55,56, 57, 58, 59, 60, 61, 62, 63, 64, 63, 66, 67, 68,
69, 70. 71, 72, 73, 74, 75, 76, 77. 7%, 79, 80, &1, 82, 83, 84. 85, 86. 87, 88, 89, 90, 91,92, 93,

94,95, 96, 97, 98, or 99 vears old, or within a range therein (e.g.. between 2 and 20 years old,
between 20 and 40 vears old, or between 40 and 90 vears old). A particular class of patients
that may benefit is patients over the age of 40, Another particular class of patients that may
benefit is pediatric paticnts, who may be at higher risk of chronic heart symptoms.
Furthermore, a patient treated by any of the methods or compositions described hercin may

be male or female.

0374} Any of the methods disclosed herein may also be performed on a non-human
subject, such as a laboratory or farm amimal, or a cellular sample derived from an organism
disclosed herein. Non-limiting examples of a non-human subject include a dog, a goat, a
suinea pig, a hamster, a mouse, a pig, a non-human primate {¢.g., a gorilla, an ape, an

oranguian, a femur, or a baboon), a rat, a sheep, a cow, or a zebrafish.
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IX.EXAMPLE SYSTEMS

[6375] FIG. 62 illustrates a systemn 6200 according to an embodiment of the present
mvention. The system as shown includes a sample 6203, such as cell-free DNA molecules
within a sample holder 6210, where sample 6205 can be contacted with an assay 6208 to
provide a signal of a physical characteristic 6215, An example of a sample boldercan he a
flow cell that includes probes and/or primers of an assay or a tube through which a droplet
moves (with the droplet including the assay). Physical characteristic 6215, suchas a
fluorescence mtensity value, from the sample is detected by detector 6220, Detector can take
a measurement at infervals {e.g., periodic imtervals) to obtain data points that make up a data
signal. In one embodiment, an analog to digital converter converts an analog signal from the
detector into digital form at a phirality of times. A data signal 6225 is sent from detector 6220
to logic system 6230. Data signal 6225 may be stored in a local memory 6235, an extemal

memory 62440, or a storage device 6243,

16376] Logic svstem 6230 may be, or may include, a computer system, ASIC,
microprocessor, ete. It may also include or be coupled with a display {¢.g., monitor, LED
digplay, etc.) and a user input device (e.g., mouse, keyboard, buttons, ete.}. Logic system
6230 and the other components may be part of a stand-alone or network connected computer
syster, or they may be directly attached to or incorporated in a thermal cycler device. Logic

system 6230 may also tnclude optimization software that executes in a processor 6250,

16377] Anv of the computer systerns mentioned herein may utilize any suitable number of
subsystems. Examples of such subsystems are shown m FIG. 63 in computer apparatus 10.
In some embodiments, a computer system includes a single computer apparatus, where the
subsystems can be the comaponents of the computer apparatus. In other embodiments, a
computer svstem can include multiple computer apparatuses, each being a subsvstem, with
mternal componegnts. A computer svstem can include desktop and laptop computers, tablets,

mobile phones and other mobile devices.

{6378} The subsystems shown in FIG. 63 are mterconnected via a system bus 73,
Additional subsystems such as a printer 74, kevboard 78, storage device(s) 79, monitor 76,
which is coupled to display adapter 82, and others are shown. Peripherals and mput/output
{1/} devices, which couple to VO controller 71, can be connected to the computer system by
any number of connections known in the art such as inpat/output (/0 port 77 {e.g., USB,

FireWire™). For example, VO port 77 or external interface 81 {e.g. Ethernet, Wi-Fi, etc.} can
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be used to connect computer svstem 10 to a wide area network such as the Internet, a mouse
mput deviee, or a scanner. The interconnection via system bas 75 allows the central
processor 73 to communicate with cach subsvsten and to conirol the execution of a plurality

of mstructions from system memory 72 or the storage device(s) 79 (e.g., a fixed disk, such as

(]

a hard drive, or optical disk}, as well as the exchange of information between subsystems.
The system memory 72 and/or the storage device(s) 79 may embody a computer readable
medium. Another subsystem is a data collection device 85, such as a camera, mucrophone,
accelerometer, and the like. Any of the data mentioned heremn can be output from one

component (o another component and can be output to the user.

3

16379] A computer system can include a plurality of the same components or subsystems,

<

¢.g., connected together by external interface 81 or by an internal interface. In some
ermbodiments, computer systems, subsystem, OF apparatuses can cCommunicate over a
network. In such mstances, one computer can be considered a client and another computer a
server, where each can be part of a same computer system. A clignt and a server can gach

15  include multiple systems, subsysiems, or components.

[6388] Aspects of embodiments can be implemented in the form of control logic using
hardware (e.g. an application specific integrated circuit or field programmable gate array}
and/or using computer sofiwarc with a generally progranumable processor in a modular or
ntegrated manner. As used heremn, a processor includes a single~-core processor, multi-core
¢  processor on a same infegrated chip, or multiple processing units on a single circuit board or
networked. Based on the disclosure and teachings provided herein, a person of ordinary skall
0 the art will know and appreciate other wayvs and/or methods fo implement embodiments of

the present invention using hardware and a combination of hardware and software.

{0381 Any of the software components or functions described in this application may be
25  implemented as software code to be executed by a processor using any suttable computer
language such as, for example, Java, C, C++, C#, Objective-C, Swift, or scripting language
such as Perl or Python using, for example, conventional or shiect-oriented techniques. The
software code may be stored as a series of instructions or commands on a computer rcadable

medium for storage and/or transpussion. A suitable non-transitory computer readable

Loy

medium can include random access memory {RAM), a read only memory {ROM}, a magnetic

medium such as a hard-drive or a floppy disk, or an optical medumm such as a compact disk
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(CD) or BVD (digital versatile disk), flash memory, and the like. The computer readable

medium may be any combination of such storage or transmission devices.

{0382} Such programs may also be encoded and transmitted using carrier signals adapted
for transpussion via wired, optical, and/or wireless networks conforming to a variety of
protocols, including the Internet. As such, a computer readable medium may be created
using a data signal encoded with such programs. Computer readable media encoded with the
program code may be packaged with a compatible device or provided separately from other
devices {e.g., via Internet download). Any such computer readable medium may reside on or
within a single computer product {c.g. a hard drive, a CB, or an entire computer system), and
may be present on or within different computer products within a system or network. A
computer system may include a monitor, printer, or other suitable display for providing any

of the results mentioned herein to a user.

[0383] Any of the methods described herein may be totally or partially performed with a
computer system including one or more processors, which can be configured to perform the
operations. Thus, embodinents can be direcied to computer systems configured to perform
the operations of any of the methods described herein, potentially with different components
performing a respective operations or a respective group of operations. Although presented
as numbered operations, operations of methods herein can be performed at a same time or in
a different order. Additionally, portions of these operations may be used with portions of
other operations from other methods. Also, all or portions of an operation may be optional.
Additionally, any of the operations of any of the methods can be performed with modules,

uniis, circuiis, or other approaches for performing these operations.

16384] The section headings used herein are for organizational purposes only and are not to

be construed as himiting the subject matier described.

10385] It is to be understood that the methods described herein are not hmited to the
particular methodology, protocols, subjects, and sequencing techniques described herein and
as such may vary. It is also to be understood that the terminology used herein is for the
purpose of describing particular embodiments only, and is not intended to hinnt the scope of
the methods and compositions described herein, which will be limited only by the appended
claims. While some embodiments of the present disclosure have been shown and described
herein, it will be obvious to those skilled in the art that such embodiments are provided by

way of example only. Numerous variations, changes, and substitutions will now occur to
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those skilied m the art without departing from the disclosure. It should be understood that
various alternatives to the embodiments of the disclosure described herein may be emploved
0 practicing the disclosure. It is intended that the following claums define the scope of the
disclosure and that methods and structures within the scope of these claims and their

equivalents be covered thereby.

[0386] Several aspects are described with reference to example applications for iltustration.
Unless otherwise indicated, any embodiment can be combined with any other embodiment. It
should be understood that mumercus specific details, relationships, and methods are set forth
to provide a full understanding of the features described herein. A skilled artisan, however,
will readily recognize that the features described herein can be practiced without one or more
of the specific details or with other methods. The featares described herein are not limited by
the illustrated ordering of acts or events, as some acts can occur in different orders and/or
concurrent!y with other acts or events. Furthermore, not all ffustrated acts or events are

reqeired to implement a methodology m accordance with the features described herein.

03877 While some embodiments of the present invention have been shown and described
herein, it will be obvious to those skilled in the art that such embodiments are provided by
way of example only. It is not intended that the invention be limited by the specific examples
provided within the specification. While the iovention has been described with reference to
the aforementioned specification, the descriptions and illustrations of the embodiments herein
are not meant to be construed in a imiting sense. Numerous variations, changes, and

substitutions will now occur to those skilled in the art without departing from the invention.

{0388} Furthermore, i shall be understood that all aspects of the vention are not imited
to the specific depictions, configurations or relative proportions set forth herein which depend
upon a variety of conditions and variables. It should be undersiood that various altcmatives
to the embodiments of the invention described herein may be employed in practicing the
wmvention. It is therefore contemplated that the invention shall also cover any sach
alternatives, modifications, variations or equivalents. It is intended that the following claims
define the scope of the mvention and that methods and structures within the scope of these

claims and their equivalents be covered thereby.

[3389]  All patents, patent applications, publications, and descriptions mentioned herein are

mcorporated by reference n their entirety for all purposes. None is admitted to be prior art.
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WHAT IS CLAIMED IS:

1. A method of analyzing a biological sample, including a mixture of
cell-free nucleic acid molecules, to determine a level of a cancer associated with a virus in a
subject from which the biological sample is obtained, the mixture including nucleic acid
molecules from the subject and potentially nucleic acid molecules from the virus, wherein the
biological sample is blood, plasma, serum, or urine, the method comprising:
for each of a plurality of nucleic acid molecules in the biological sample:
measuring a size of the nucleic acid molecule;
determining that the nucleic acid molecule is from a reference genome, the
reference genome corresponding to the virus;
determining a statistical value of a size distribution of the plurality of nucleic
acid molecules from the reference genome; and
determining the level of the cancer in the subject by processing the statistical

value against a cutoff value.

2. The method of claim 1, wherein the statistical value is an average,

mode, median, or mean of the size distribution.

3. The method of claim 1, wherein the statistical value is a percentage of
the plurality of nucleic acid molecules in the biological sample from the reference genome

that are below a size threshold.
4. The method of claim 3, wherein the size threshold is 150 bp.

5. The method of claim 3, wherein the subject is determined to be

positive for the cancer when the statistical value is below the cutoff value.

6. The method of claim 1, wherein the statistical value includes a ratio of:

a first amount the plurality of nucleic acid molecules in the biological sample
from the reference genome that are within a first size range; and

a second amount the plurality of nucleic acid molecules in the biological
sample from the reference genome that are within a second size range that is different than

the first size range.

7. The method of claim 1, wherein the statistical value includes a ratio of:
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a first proportion of sequence reads of nucleic acid molecules that align to the
reference genome of the virus with the size within a given range; and
a second proportion of sequence reads of nucleic acid molecules that align to a

human reference genome with the size within the given range.

8. The method of claim 7, wherein the cutoff value is about 7, about 8,

about 9, or about 10.

9. The method of claim 7, wherein the given range is about 80 to about
110 base pairs, about 50 to about 75 base pairs, about 60 to about 90 base pairs, about 90 to
about 120 base pairs, about 120 to about 150 base pairs, or about 150 to about 180 base pairs.

10. The method of claim 7, wherein the statistical value is an inverse of the

ratio.

11. The method of claim 10, wherein the cutoff value is about 0.11, 0.12,
0.13, or 0.14.

12. The method of claim 1, wherein measuring the size of the nucleic acid
molecule and determining that the nucleic acid molecule is from the reference genome
includes:

receiving one or more sequence reads that include both ends of the nucleic
acid molecule, thereby obtaining a plurality of sequence reads from a sequencing of the
mixture of cell free nucleic acid molecules;

aligning the one or more sequence reads to the reference genome to obtain one
or more aligned locations; and

using the one or more aligned locations to determine the size of the nucleic

acid molecule.

13. The method of claim 1, wherein a positive predictive value (PPV) of
the determining the level of the cancer is at least 6%, 7%, or 8%, wherein a sensitivity of the
determining the level of the cancer is at least 95%, 96%, or 97%, and/or wherein a specificity

of the determining the level of the cancer is at least 95%, 96%, 97%, or 98%.

14. The method of claim 1, wherein the size is a length, a molecular mass,

or a measured parameter that is proportional to the length.
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15. A method of screening a biological sample, including a mixture of
cell-free nucleic acid molecules, for a cancer associated with a virus, the biological sample
obtained from a subject that is asymptomatic for the cancer, the mixture including nucleic
acid molecules from the subject and potentially nucleic acid molecules from the virus,
wherein the biological sample is blood, plasma, serum, or urine, the method comprising:

receiving a plurality of sequence reads obtained from a sequencing of the
mixture of cell-free nucleic acid molecules;

determining an amount of the plurality of sequence reads aligning to a
reference genome, the reference genome corresponding to the virus; and

comparing the amount of sequence reads aligning to the reference genome to a
cutoff value, thereby screening for the cancer, the cutoff value differentiating subjects that

transiently or persistently have the virus but not the cancer and subjects that have the cancer.

16. The method of claim 15, further comprising:
determining a level of the cancer in the subject based on the comparing of the

amount of sequence reads to the cutoff value.

17. The method of claim 15, wherein the amount of sequence reads
aligning to the reference genome includes a proportion of sequence reads aligned to the

reference genome relative to a total number of sequence reads.

18. The method of claim 17, wherein the total number of sequence reads is
a sum of the sequence reads that aligned to the reference genome corresponding to the virus

and the sequence reads that aligned to a human genome.

19. The method of claim 15, wherein the amount of sequence reads
aligning to the reference genome includes a number of sequence reads aligned to the

reference genome per volume of the biological sample analyzed.

20. The method of claim 15, wherein the cutoff value is determined from

training samples having a known classification for the cancer.

21. The method of claim 20, wherein the cutoff value is selected using (1)
a value below a lowest amount of sequence reads aligning to the reference genome for the

training samples classified as having the cancer; (2) a specified number of standard
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deviations from a mean amount of sequence reads aligning to the reference genome for the
training samples classified as having the cancer; or (3) a specificity and a sensitivity for

determining a correct classification of the training samples.

22. The method of one of claim 12 or claim 15, further comprising:
performing the sequencing of the mixture of cell-free nucleic acid molecules

to obtain the plurality of sequence reads.

23. The method of claim 22, further comprising:

performing real-time polymerase chain reaction (PCR) of the biological
sample or a different biological sample obtained from the subject contemporaneously as the
biological sample, thereby determining a quantity of nucleic acid molecules from the virus;

comparing the quantity to a quantity threshold; and

when the quantity is above the quantity threshold, performing the sequencing

of the mixture of cell-free nucleic acid molecules.

24. The method of claim 22, wherein the sequencing includes random

sequencing.

25. The method of claim 15, further comprising:

comparing the amount of sequence reads aligning to the reference genome to
another cutoff value, the other cutoff value differentiating between subjects that transiently
have the virus but not the cancer and subjects that persistently have the virus but not the

cancer.

26. A method of analyzing a biological sample, including a mixture of
cell-free nucleic acid molecules, to determine a level of a cancer associated with a virus in a
subject from which the biological sample is obtained, the mixture including nucleic acid
molecules from the subject and potentially nucleic acid molecules from the virus, wherein the
biological sample is blood, plasma, serum, or urine, the method comprising:

performing a first assay, wherein the first assay comprises analyzing a first
plurality of cell-free nucleic acid molecules from a first biological sample of the subject to
determine a first amount of the first plurality of cell-free nucleic acid molecules aligning to a
reference genome, the reference genome corresponding to the virus; and

performing a second assay, wherein the second assay comprises

measuring a size of each of a second plurality of cell-free nucleic acid
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molecules in a second biological sample; and
determining a second amount of a size distribution of the second

plurality of cell-free nucleic acid molecules from the reference genome, the second
amount being a statistical value of the size distribution of the second plurality of cell-
free nucleic acid molecules from the reference genome;

comparing the first amount to a first cutoff;

comparing the second amount to a second cutoff; and

determining the level of the cancer in the subject based on the comparing of

the first amount to the first cutoff and the comparing of the second amount to the second

cutoff.

217. The method of claim 26, wherein the first assay includes real-time

polymerase chain reaction (PCR).

28. The method of claim 1, 15, or 26, wherein the cancer is selected from a
group consisting of nasopharyngeal cancer, head and neck squamous cell carcinoma, cervical

cancer, and hepatocellular carcinoma.

29. The method of claim 26, wherein the first biological sample and the

second biological sample are from a same blood sample.

30. The method of claim 26, wherein the first biological sample and the
second biological sample are the same sample, and wherein the second plurality of cell-free

nucleic acid molecules is the first plurality of cell-free nucleic acid molecules.

31. The method of claim 26, wherein the second assay is performed in

response to the first amount being above the first cutoff.

32. The method of claim 26, wherein the subject is determined to have the
cancer only if the first amount exceeds the first cutoff and the second amount exceeds the

second cutoff.

33. The method of claim 26, wherein the second amount is of nucleic acid

molecules having the size within a given range and aligning to the reference genome.
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34. The method of claim 33, further comprising normalizing the second
amount using a third amount of cell-free nucleic acid molecules having the size within a

different range and aligning to the reference genome.

35. The method of claim 33, further comprising normalizing the second
amount using a third amount of cell-free nucleic acid molecules having the size within the

given range and aligning to an autosomal genome.

36. The method of claim 26, wherein a positive predictive value of
determining the level of the cancer is at least 15%, at least 17%, or at least 19%, wherein a
sensitivity of determining the level of the cancer is at least 95%, at least 96%, or at least 97%,
and/or wherein a specificity of determining the level of the cancer is at least 95%, at least

96%, at least 97%, at least 98%, or at least 99%.

37. The method of any one of claims 1, 15, or 26, further comprising

enriching the biological sample for nucleic acid molecules from the virus.

38. The method of claim 37, wherein the enriching the biological sample
for nucleic acid molecules from the virus includes using capture probes that bind to a portion

of, or an entire genome of, the virus.

39. The method of claim 37, further comprising:
enriching the biological sample for nucleic acid molecules from a portion of a

human genome.

40. A method of analyzing a biological sample, including a mixture of
cell-free nucleic acid molecules, to determine a level of cancer associated with a virus in a
subject from which the biological sample is obtained, the mixture including nucleic acid
molecules from the subject and potentially nucleic acid molecules from the virus, wherein the
biological sample is blood, plasma, serum, or urine, the method comprising:

analyzing a first plurality of cell-free nucleic acid molecules from the
biological sample of the subject, wherein the analyzing a cell-free nucleic acid comprises
determining a genomic position in a reference genome corresponding to at least one end of
the cell-free nucleic acid molecule, the reference genome corresponding to the virus;

determining a first amount of the first plurality of cell-free nucleic acid
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molecules that end within one or more first windows, each first window comprising at least
one of a first set of genomic positions at which ends of cell-free nucleic acid molecules are
present at a rate above a first threshold in subjects with the cancer associated with the virus;

computing a relative abundance of the first plurality of cell-free nucleic acid
molecules ending within one of the one or more first windows by normalizing the first
amount using a second amount of the first plurality of cell-free nucleic acid molecules from
the biological sample, wherein the second amount of the first plurality of cell-free nucleic
acid molecules includes cell-free nucleic acid molecules ending at a second set of genomic
positions outside of the one or more first windows including the first set of genomic
positions; and

determining the level of cancer in the subject by processing the relative

abundance against a cutoff value.

41. The method of claim 40, wherein processing the relative abundance
against the cutoff value includes:

determining whether the relative abundance is greater than the cutoff value.

42. The method of claim 40, further comprising:

determining the second amount of the first plurality of cell-free nucleic acid
molecules that end within one of second windows, each second window comprising at least
one of the second set of genomic positions at which ends of cell-free nucleic acid molecules
are present at a rate above a second threshold in subjects without the cancer resulting from
the virus,

wherein normalizing the first amount includes computing the relative

abundance using the first amount and the second amount.

43. The method of claim 42, further comprising identifying the second set
of genomic positions, wherein the identifying comprises:
analyzing the cell-free nucleic acid molecules of a reference sample from a
reference subject that does not have the cancer, wherein analyzing each of the cell-free
nucleic acid molecules of the reference sample comprises:
determining the genomic position in the reference genome corresponding

to at least one end of the cell-free nucleic acid molecule.

44. The method of claim 43, wherein the reference subject is healthy.
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45. The method of claim 42, wherein the relative abundance comprises a

ratio of the first amount and the second amount.

46. The method of claim 40, further comprising identifying the first set of
genomic positions at which ends of cell-free nucleic acid molecules occur at the rate above

the first threshold.

47. The method of claim 46, wherein identifying the first set of genomic
positions comprises:
analyzing a second plurality of cell-free nucleic acid molecules from at least
one first additional sample to identify ending positions of the second plurality of cell-free
nucleic acid molecules, wherein the at least one first additional sample is known to have the
cancer associated with the virus and is of a same sample type as the biological sample;
for each genomic window of a plurality of genomic windows:
computing a corresponding number of the second plurality of cell-free
nucleic acid molecules ending on the genomic window; and
comparing the corresponding number to a reference value to determine
whether the rate of cell-free nucleic acid molecules ending on one or more genomic

positions within the genomic window is above the first threshold.

48. The method of claim 47, wherein a first genomic window of the
plurality of genomic windows has a width of at least one genomic position, and wherein each
of the genomic positions within the first genomic window are identified as having the rate of
cell-free nucleic acid molecules ending on the genomic position be above the first threshold

when the corresponding number exceeds the reference value.

49. The method of claim 47, wherein each genomic position of the first set
of genomic positions has at least a specified number of cell-free nucleic acid molecules of the

second plurality of cell-free nucleic acid molecules ending on the genomic position.

50. The method of claim 47, wherein the reference value is an expected
number of cell-free nucleic acid molecules ending within the genomic window according to a
probability distribution and an average length of cell-free nucleic acid molecules in the at

least one first additional sample.
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51. The method of claim 47, wherein the reference value comprises a
measured number of cell-free nucleic acid molecules ending within the genomic window, the
measured number determined from a third plurality of cell-free nucleic acid molecules of at

least one second additional sample identified as not having the cancer.

52. The method of any one of claims 1, 15, 26, and 40, wherein the level
of the cancer is selected from a group consisting of: an amount of tumor tissue in the subject,
a size of a tumor in the subject, a stage of the tumor in the subject, a tumor load in the

subject, and presence of tumor metastasis in the subject.

53. The method of any one of claims 1, 15, 26, and 40, wherein the virus

comprises EBV DNA, HPV DNA, HBV DNA, HCV nucleic acids, or fragments thereof.

54. The method of any one of claims 1, 15, 26, and 40, further comprising
that (a) a therapeutic intervention is to be provided to the subject based on the level of the

cancer, or (b) imaging is to be performed on the subject based on the level of the cancer.

55. The method of any one of claims 1, 15, 26, and 40, wherein the cell-

free nucleic acid molecules are deoxyribonucleic acid (DNA) molecules.

56. A computer product comprising a computer readable medium storing a
plurality of instructions for controlling a computer system to perform the method of any one

of claims 1-55.

57. A computer system including one or more processors that are

configured to perform the method of any one of claims 1-55.
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