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(57) Abstract: Methods are provided to improve the positive predictive value for cancer detection using cell-free nucleic acid samples.
Various embodiments are directed to applications (e.g., diagnostic applications) of the analysis of the fragmentation patterns and size
of cell-free DNA, e.g., plasma DNA and serum DNA, including nucleic acids from pathogens, including viruses. Embodiments 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. Embodiments of another application can be used to assess the stage of a 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).
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METHODS AND SYSTEMS FOR TUMOR DETECTION

CROSS-REFERENCE
[001]  This application claims the benefit of U.S. Provisional Patent Application No.
62/411,929, filed October 24, 2016, U.S. Provisional Patent Application No. 62/450,541 filed
January 25, 2017, and U.S. Provisional Patent Application No. 62/507,154, filed May 16, 2017,
each of which is entirely incorporated herein by reference. This application is related to U.S.
Application No. 15/218,497, filed July 25, 2016, which claims priority from U.S. Provisional
Application Nos. 62/196,250 filed July 23, 2015 and 62/294,948 filed February 12, 2016 and
from PCT Application No. PCT/CN2016/073753 filed February 14, 2016, each of which is

entirely incorporated herein by reference.

BACKGROUND
[002]  The discovery that tumor cells deposit 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.
[003]  Previous studies-have shown that plasma deoxyribonucleic acid (DNA) mostly
includes short fragments of less than 200 base pairs (bp) (Lo et al. Sci Transl Med 2010;
2(61):61ra91). In the size distribution of plasma DNA, a peak could be observed at 166 bp. In
addition, it was observed that the sequenced tag density would vary with a periodicity of around
180 bp close to transcriptional start sites (TSSs) when maternal plasma DNA was sequenced
(Fan et al. PNAS 2008;105:16266-71). These results are one set of evidence that the
fragmentation of plasma DNA may not be a random process. However, the precise patterns of
DNA fragmentation in plasma, as well as the factors governing the patterns, have not been clear.

Further, practical applications of using the DNA fragmentation have not been fully realized.
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SUMMARY

[004] In some aspects, the present disclosure provides a method of screening for a tumor in a
subject. In some embodiments, the method comprises obtaining a first biological sample from
the subject, wherein the first biological sample comprises cell-free nucleic acid from the subject
and potentially cell-free nucleic acid from a pathogen. In some embodiments, the method
comprises performing a first assay comprising measuring a copy number of the cell-free nucleic
acid from the pathogen in the first biological sample. In some embodiments, the method
comprises obtaining a second biological sample from the subject, wherein the second biological
sample comprises cell-free nucleic acid from the subject and potentially cell-free nucleic acid
from a pathogen. In some embodiments, the method comprises performing a second assay
comprising massively parallel sequencing of the cell-free nucleic acid in the second biological
sample to generate sequence reads. In some embodiments, the method comprises determining an
amount of the sequence reads that align to a reference genome of the pathogen. In some
embodiments, the method comprises determining an amount of the cell-free nucleic acid
molecules that have a size within a given range and align to a reference genome of the pathogen
based on the massively parallel sequencing. In some embodiments, the method comprises
screening for the tumor based on performing a first assay comprising measuring a copy number
of the cell-free nucleic acid from the pathogen in the first biological sample, and performing a
second assay comprising massively parallel sequencing of the cell-free nucleic acid in the
second biological sample to generate sequence reads. In some embodiments, the first biological
sample and the second biological sample are the same. In some embodiments, the method
further comprises determining a percentage of the sequence reads that align to a reference
genome of the pathogen. In some embodiments, the method further comprises comparing the
percentage of the sequence reads that align to a reference genome of the pathogen to a cutoff
value. In some embodiments, the method further comprises determining a size ratio of a first
proportion of the cell-free nucleic acid molecules from the second biological sample that align to
the reference genome of the pathogen with a size within the given range and a second proportion
of the cell-free nucleic acid molecules from the second biological sample that align to a
reference genome of the subject with a size within the given range. In some embodiments, the
method further comprises determining a size index, wherein the size index is an inverse of the
size ratio, and comparing the size index to a second cutoff value. In some embodiments, the
tumor 1s nasopharyngeal cancer. In some embodiments, the pathogen 1s Epstein-Barr Virus
(EBV). In some embodiments, measuring a copy number of the cell-free nucleic acid from the
pathogen in the first biological sample comprises amplification. In some embodiments, the

amplification comprises polymerase chain reaction (PCR). In some embodiments, the PCR
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comprises quantitative PCR (qQPCR). In some embodiments, the first biological sample and the
second biological sample are plasma.

[005] In some aspects, the present disclosure provides a method of screening for a tumor in a
subject. In some embodiments, the method comprises obtaining a first biological sample from
the subject, wherein the first biological sample comprises cell-free nucleic acid from the subject
and potentially cell-free nucleic acid from a pathogen. In some embodiments, the method
comprises performing a first assay comprising measuring a copy number of the cell-free nucleic
acid from the pathogen in the first biological sample, wherein the first assay comprises a
positive predictive value for a presence of the tumor in the subject. In some embodiments, the
method comprises performing a second assay on a second biological sample from the subject,
wherein the second biological sample comprises cell-free nucleic acid from the subject and
potentially cell-free nucleic acid from the pathogen, and wherein a positive predictive value for a
presence of the tumor in the subject of the first assay and the second assay is at least 5-fold
greater than the positive predictive value of the first assay. In some embodiments, the positive
predictive value for a presence of the tumor in the subject of the first assay and the second assay
1s at least 7.5-fold greater than the positive predictive value of the first assay. In some
embodiments, the positive predictive value for a presence of the tumor in the subject of the first
assay and the second assay is at least 15%. In some embodiments, the positive predictive value
for a presence of the tumor in the subject of the first assay and the second assay is at least 25%.
In some embodiments, the first biological sample and the second biological sample are the same.
In some embodiments, the first biological sample and the second biological sample are plasma.
In some embodiments, the tumor is nasopharyngeal cancer. In some embodiments, the pathogen
1s Epstein-Barr Virus (EBV). In some embodiments, measuring a copy number of the cell-free
nucleic acid from the pathogen in the first biological sample comprises amplification. In some
embodiments, the amplification comprises polymerase chain reaction (PCR). In some
embodiments, the PCR comprises quantitative PCR (qPCR). In some embodiments, the second
assay comprises massively parallel sequencing of the cell-free nucleic acid in the second
biological sample to generate sequence reads. In some embodiments, the second assay
comprises of determining an amount of the sequence reads that align to a reference genome of
the pathogen. In some embodiments, the second assay comprises determining an amount of the
cell-free nucleic acid molecules in the second biological sample that have a size within a given
range and align to a reference genome of the pathogen.

[006] In some aspects the present disclosure provides a method of screening for a tumor in a
subject. In some embodiments, the method comprises obtaining a first biological sample from

the subject, wherein the first biological sample comprises cell-free nucleic acid from the subject
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and potentially cell-free nucleic acid from a pathogen. In some embodiments, the method
comprises performing a first assay comprising measuring a copy number of the cell-free nucleic
acid from the pathogen in the first biological sample, wherein the first assay has a false positive
rate for a presence of the tumor in the subject. In some embodiments, the method comprises
performing a second assay on a second biological sample from the subject, wherein the second
biological sample comprises cell-free nucleic acid from the subject and potentially cell-free
nucleic acid from the pathogen, wherein a false positive rate for a presence of the tumor in the
subject of the first assay and the second assay is at least 5-fold lower than the false positive rate
of the first assay. In some embodiments, the false positive rate for a presence of the tumor in the
subject of the first assay and the second assay is at least 10-fold lower than the false positive rate
of the first assay. In some embodiments, the false positive rate for a presence of the tumor in the
subject of the first assay and the second assay is less than 1%. In some embodiments, the first
biological sample and the second biological sample are the same. In some embodiments, the first
biological sample and the second biological sample are plasma. In some embodiments, the
tumor is nasopharyngeal cancer. In some embodiments, the pathogen is Epstein-Barr Virus
(EBV). In some embodiments, measuring a copy number of the cell-free nucleic acid from the
pathogen in the first biological sample comprises amplification. In some embodiments, the
amplification comprises polymerase chain reaction (PCR). In some embodiments, the PCR
comprises quantitative PCR (qPCR). In some embodiments, the second assay comprises
massively parallel sequencing of the cell-free nucleic acid in the second biological sample to
generate sequence reads. In some embodiments, the second assay comprises of determining an
amount of the sequence reads that align to a reference genome of the pathogen. In some
embodiments, the second assay comprises determining an amount of the cell-free nucleic acid
molecules in the second biological sample that have a size within a given range and align to a
reference genome of the pathogen.
[007] In some aspects, the present disclosure provides a method of analyzing a biological
sample, including a mixture of cell-free nucleic acid molecules, to determine a level of
pathology 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 a pathogen.
In some embodiments, the method comprises analyzing a first plurality of cell-free nucleic acid
molecules from a biological sample of the subject, wherein the analyzing comprises determining
a genomic position in a reference genome corresponding to at least one end of the first plurality
of cell-free nucleic acid molecules, the reference genome corresponding to the pathogen. In
some embodiments, the method comprises determining a first amount of the first plurality of

cell-free nucleic acid molecules that end within one of first windows, each first window
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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 pathology associated
with the pathogen. In some embodiments, the method comprises computing a relative abundance
of the first plurality of cell-free nucleic acid molecules ending within one of the 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 first windows including the first set of genomic positions. In
some embodiments, the method comprises determining the level of pathology in the subject by
processing the relative abundance against one or more cutoff values. In some embodiments, the
relative abundance against one or more cutoff values includes determining whether the relative
abundance is greater than the one or more cutoff values. In some embodiments, the method
further comprises 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 a pathology resulting from
pathogen, wherein normalizing the first amount includes computing the relative abundance
using the first amount and the second amount. In some embodiments, the method further
comprises identifying the second set of genomic positions. In some embodiments, the
identifying comprises analyzing, by a computer system, the cell-free nucleic acid molecules of a
reference sample from a reference subject that does not have the pathology. In some
embodiments, , analyzing each of the plurality of cell-free nucleic acid molecules comprises
determining a genomic position in the reference genome corresponding to at least one end of the
cell-free nucleic acid molecule. In some embodiments, the reference subject is healthy. In some
embodiments, the relative abundance comprises a ratio of the first amount and the second
amount. In some embodiments, the method further comprises identifying the first set of genomic
positions at which ends of cell-free nucleic acid molecules occur at the rate above a first
threshold. In some embodiments, identifying the first set of genomic positions comprises
analyzing, by a computer system, 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
pathology associated with the pathogen and is of a same sample type as the biological sample. In
some embodiments, the method further comprises, 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
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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. In some embodiments, 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. In some embodiments, the first set of genomic positions have the
highest N values for the corresponding numbers, wherein N is at least 100. In some
embodiments, 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. In some embodiments, 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. In some embodiments, the probability distribution is a
Poisson distribution, and wherein determining 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 comprises determining a corresponding p-value using the corresponding number
and the expected number, wherein the first threshold corresponds to a cutoff p-value, the
corresponding p value being less than the cutoff p-value indicating that the rate of cell-free
nucleic acid molecules ending within the genomic window is above the first threshold. In some
embodiments, the genomic positions whose rate of the second plurality of cell-free nucleic acid
molecules ending on the genomic position is above the first threshold comprises a first superset,
and wherein identifying the first set of genomic positions further comprises analyzing, by the
computer system, a third plurality of cell-free nucleic acid molecules from at least one second
additional sample identified as not having the pathology to identify a second superset of the third
plurality of cell-free nucleic acid molecules ending on the genomic position is above the first
threshold, and identifying the first set of genomic positions as comprising the genomic positions
that are in the first superset and that are not in the second superset. In some embodiments, 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 pathology.
In some embodiments, comparing the corresponding number to the reference value comprises
computing a first ratio of the corresponding number and a third number of the third plurality of
cell-free nucleic acid molecules covering the genomic window, and comparing the first ratio to

the reference value, the reference value comprising a reference ratio of the measured number of
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reads ending within the genomic window and a fourth number of the third plurality of cell-free
nucleic acid molecules covering the genomic window and not ending within the genomic
window. In some embodiments, the third number of the third plurality of cell-free nucleic acid
molecules do not end within the genomic window. In some embodiments, determining whether
the rate of cell-free nucleic acid molecules ending within the genomic window is above the first
threshold comprises determining whether the first ratio is greater than a multiplicative factor
times the reference ratio. In some embodiments, the sample type of the biological sample and
the at least one first additional sample is selected from a group consisting of plasma, serum,
cerebrospinal fluid, and urine. In some embodiments, the at least one first additional sample is
from the subject and are obtained at a different time than the biological sample. In some
embodiments, the first windows have a width of one genomic position, and wherein the relative
abundance is computed by, for each genomic position of the first set of genomic positions,
computing a corresponding number of the first plurality of cell-free nucleic acid molecules
ending on the genomic position as part of determining that the first amount of the first plurality
of cell-free nucleic acid molecules end on any one of the first set of genomic positions,
computing a third number of the first plurality of cell-free nucleic acid molecules covering the
genomic position and not ending on the genomic position as part of determining the second
amount of the first plurality of cell-free nucleic acid molecules, and computing a first ratio of the
corresponding number and the third number, computing a mean of the first ratios as the relative
abundance. In some embodiments, the relative abundance is computed by, for each genomic
position of the first set of genomic positions, computing a corresponding number of the first
plurality of cell-free nucleic acid molecules ending within a first window comprising the
genomic position as part of determining that the first amount of the first plurality of cell-free
nucleic acid molecules end within one of the first windows, computing a third number of the
first plurality of cell-free nucleic acid molecules ending within a second window comprising the
genomic position, the second window larger than the first window; computing a first ratio of the
corresponding number and the third number, and computing a mean of the first ratios as the
relative abundance. In some embodiments, the second set of genomic positions and the first set
of genomic positions do not overlap. In some embodiments, the second set of genomic positions
comprises all genomic positions corresponding to an end of at least one of the first plurality of
cell-free nucleic acid molecules. In some embodiments, analyzing one or more of the cell-free
nucleic acid molecules comprises determining both genomic positions corresponding to both
ends of the cell-free nucleic acid molecule. In some embodiments, the first set of genomic
positions or the second set of genomic positions comprises between 600 and 10,000 genomic

positions.
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[008] In some aspects, the present disclosure provides a method of analyzing a biological
sample, including a mixture of cell-free nucleic acid molecules, to determine a level of
pathology 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 a pathogen.
In some embodiments, the method comprises, for each of a plurality of nucleic acid molecules in
the biological sample, measuring a size of the nucleic acid molecule. In some embodiments, the
method comprises, for each of a plurality of nucleic acid molecules in the biological sample,
determining that the nucleic acid molecule is from a reference genome, the reference genome
corresponding to the pathogen. In some embodiments, the method comprises, for each of a
plurality of nucleic acid molecules in the biological sample, determining a statistical value of a
size distribution of the plurality of nucleic acid molecules from the reference genome. In some
embodiments, the method comprises, for each of a plurality of nucleic acid molecules in the
biological sample, determining the level of pathology in the subject by processing the statistical
value against one or more cutoff values. In some embodiments, the statistical value is an average,
mode, median, or mean of the size distribution. In some embodiments, 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. In some embodiments, the statistical value is 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. In some embodiments, the pathology is selected
from the group consisting of bladder cancer, bone cancer, a brain tumor, breast cancer, cervical
cancer, colorectal cancer, esophageal cancer, gastrointestinal cancer, hematopoietic malignancy,
leukemia, liver cancer, lung cancer, lymphoma, myeloma, nasal cancer, nasopharyngeal cancer,
oral cancer, oropharyngeal cancer, ovarian cancer, prostate cancer, sarcoma, stomach cancer,
and thyroid cancer. In some embodiments, the level of pathology is selected from a group
consisting of: an amount of tumor tissue in the subject, a size of the 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. In some embodiments, the pathogen compromises a virus. In some embodiments, the
virus comprises EBV DNA, HPV DNA, HBV DNA, HCV nucleic acids, or fragments thereof.
In some embodiments, the method further comprises obtaining template nucleic acid molecules
from the biological sample to be analyzed. In some embodiments, the method further comprises
preparing a sequencing library of analyzable nucleic acid molecules using the template nucleic
acid molecules, the preparing of the sequencing library of analyzable nucleic acid molecules not

comprising an operation of nucleic acid amplification of the template nucleic acid molecules. In
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some embodiments, the method further comprises sequencing the sequencing library of
analyzable nucleic acid molecules to obtain a plurality of sequence reads corresponding to the
first plurality of cell-free nucleic acid molecules. In some embodiments, analyzing the first
plurality of cell-free nucleic acid molecules or the plurality of cell-free nucleic acid molecules
comprises receiving, at the computer system, the plurality of sequence reads; and aligning, by
the computer system, the plurality of sequence reads to the reference genome to determine
genomic positions for the plurality of sequence reads. In some embodiments, the method further
comprises providing a therapeutic intervention based on the level of pathology or performing
imaging of the subject based on the level of pathology. In some embodiments, the cell-free
nucleic acid molecules are deoxyribonucleic acid (DNA) molecules.

[009] In some aspects, the present disclosure provides a computer product comprising a
computer readable medium storing a plurality of instructions for controlling a computer system
to perform operations of any of the methods above.

[0010] In some aspects, the present disclosure provides a system comprising the computer
product above, and one or more processors for executing instructions stored on the computer
readable medium.

[0011] In some aspects, the present disclosure provides a system comprising means for
performing any of the methods above.

[0012] In some aspects, the present disclosure provides a system configured to perform any of
the above methods.

[0013] In some aspects, the present disclosure provides a system comprising modules that
respectively perform the steps of any of the above methods.

[0014] In some aspects, the present disclosure provides a method of analyzing a biological
sample, including a mixture of cell-free nucleic acid molecules, to determine a level of
pathology 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 a pathogen.
In some embodiments, the method comprises performing a first assay, wherein the first assay
comprises analyzing a plurality of cell-free nucleic acid molecules from a biological sample of
the subject to determine a first amount of the plurality of cell-free nucleic acid molecules
aligning to a reference genome, the reference genome corresponding to the pathogen. In some
embodiments, the method comprises performing a second assay. In some embodiments, the
second assay comprises measuring a size of each of the plurality of nucleic acid molecules in the
biological sample. In some embodiments, the second assay comprises determining a second
amount of the plurality of nucleic acid molecules having a size within a given range and aligning

to the reference genome. In some embodiments, the method comprises comparing the first
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amount to a first cutoff threshold. In some embodiments, the method comprises comparing the
second amount to a second cutoff threshold. In some embodiments, the method comprises
determining the level of pathology in the subject based on the first amount and the second
amount. In some embodiments, the method further comprises enriching the sample for the
plurality of cell-free nucleic acid molecules. In some embodiments, the method further
comprises normalizing the second amount using a third amount of cell-free nucleic acid
molecules having a size within the given range and aligning to an autosomal genome.

[0015] In some aspects, the present disclosure provides a method of analyzing a biological
sample including a mixture of cell-free nucleic acid molecules to determine a level of pathology
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 a pathogen. In some
embodiments, the method comprises performing massively parallel sequencing on the cell-free
nucleic acid molecules to generate sequence reads. In some embodiments, the method comprises
determining an amount of the sequence reads that align to a reference genome of the pathogen.
In some embodiments, the method comprises determining an amount of the cell-free nucleic
acid molecules that have a size within a given range and align to a reference genome of the
pathogen. In some embodiments, the method comprises using the amount of the sequence reads
that align to a reference genome of the pathogen and the amount of the cell-free nucleic acid
molecules that have a size within a given range and align to a reference genome of the pathogen
to the determine the level of pathology in the subject. In some embodiments, the method further
comprises determining a percentage of the sequence reads that align to a reference genome of
the pathogen. In some embodiments, the method comprises comparing the percentage to a first
cutoff value. In some embodiments, the pathogen compromises a virus. In some embodiments,
the virus comprises EBV DNA, HPV DNA, HBV DNA, HCV nucleic acids, or fragments
thereof. In some embodiments, the virus comprises EBV DNA or fragments thereof. In some
embodiments, the level of pathology is selected from the group consisting of bladder cancer,
bone cancer, a brain tumor, breast cancer, cervical cancer, colorectal cancer, esophageal cancer,
gastrointestinal cancer, hematopoietic malignancy, leukemia, liver cancer, lung cancer,
lymphoma, myeloma, nasal cancer, nasopharyngeal cancer, oral cancer, oropharyngeal cancer,
ovarian cancer, prostate cancer, sarcoma, stomach cancer, and thyroid cancer. In some
embodiments, the level of pathology comprises nasopharyngeal cancer. In some embodiments,
the method further comprises determining a size ratio of a first proportion of the cell-free
nucleic acid molecules that align to the reference genome of the pathogen with a size within the
given range; and a second proportion of the cell-free nucleic acid molecules that align to a

reference genome of the subject with a size within the given range. In some embodiments, the
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pathogen 1s EBV and the given range is from 80 bp to 110 bp. In some embodiments, the
method further comprises determining a size index, wherein the size index is an inverse of the
size ratio, and comparing the size index to a second cutoff value.

[0016] In some aspects, the methods of the present disclosure comprise detecting a tumor in a
subject. In some embodiments, the method comprises obtaining a first biological sample from
the subject. In some embodiments, the first biological sample comprises tumor-derived DNA. In
some embodiments, the first biological sample comprises cell-free DNA. In some embodiments,
the method comprises performing a first assay. In some embodiments, the first assay has
sensitivity for a first set of markers. In some embodiments, the first set of markers is indicative
of a tumor. In some embodiments, the first assay comprises measuring a first amount of the
tumor-derived DNA from the first biological sample. In some embodiments, the first amount of
the tumor-derived DNA corresponds to a copy number of the tumor-derived DNA. In some
embodiments, the first amount of the tumor-derived DNA corresponds to a fragment size
distribution of the tumor-derived DNA. In some embodiments, the first amount of the tumor-
derived DNA corresponds to a fragmentation pattern of the tumor-derived DNA. In some
embodiments, the first amount of the tumor-derived DNA corresponds to a methylation status of
the tumor-derived DNA. In some embodiments, the first amount of the tumor-derived DNA
corresponds to a mutational status of the tumor-derived DNA. In some embodiments, the first
assay comprises generating a comparison of the first amount of tumor-derived DNA to at least
one first calibration value. In some embodiments, the first assay comprises determining if the
first biological sample includes the first set of markers indicative of the tumor. In some
embodiments, the first assay comprises determining if the first biological sample includes the
first set of markers indicative of the tumor, and the determining is based on the comparison of
the first amount of tumor-derived DNA to the at least one first calibration value. In some
embodiments, the method comprises performing a second assay. In some embodiments, the
method comprises performing a second assay if it is determined that the first biological sample
includes the first set of markers indicative of the tumor. In some embodiments, the second assay
has a specificity for a second set of markers indicative of the tumor. In some embodiments, the
second assay comprises measuring a second amount of tumor-derived DNA from a second
biological sample. In some embodiments, the second amount of tumor-derived DNA
corresponds to a fragment size distribution of the tumor-derived DNA. In some embodiments,
the second amount of tumor-derived DNA corresponds to a fragmentation pattern of the tumor-
derived DNA. In some embodiments, the second amount of tumor-derived DNA corresponds to
a methylation status of the tumor-derived DNA. In some embodiments, the second amount of

tumor-derived DNA corresponds to a mutational status of the tumor-derived DNA. In some
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embodiments, the second assay comprises generating a comparison of the second amount of
DNA to at least one second calibration value. In some embodiments, the second assay comprises
identifying the tumor in the subject. In some embodiments, the second assay comprises
identifying the tumor in the subject, and the identifying is based on the comparison of the second
amount of DNA to the at least one second calibration value. In some embodiments, the method
comprises outputting a report. In some embodiments, the method comprises outputting a report,
and the report is indicative of tumor in the subject. In some embodiments, the second amount of
tumor-derived DNA corresponds to the fragment size distribution. In some embodiments,
measuring the second amount includes the tumor-derived DNA and other DNA, thereby
generating amounts of DNA fragments at the plurality of sizes. In some embodiments, the
method comprises generating a comparison, and generating a comparison comprises calculating
a first value of a first parameter. In some embodiments, the method comprises generating a
comparison, and generating a comparison comprises calculating a first value of a first parameter
providing a statistical measure of a size profile of DNA fragments in the second biological
sample. In some embodiments, the method comprises generating a comparison, and generating a
comparison comprises comparing the first value to at least one second calibration value. In some
embodiments, obtaining the first biological sample is non-invasive. In some embodiments, the
first biological sample comprises DNA derived from normal cells. In some embodiments, the
second biological sample comprises DNA derived from normal cells. In some embodiments, the
method further comprises obtaining the second biological sample. In some embodiments, the
second biological sample comprises DNA derived from normal cells and tumor-derived DNA.
In some embodiments, the method comprises obtaining the second biological sample, and
obtaining the second biological sample is non-invasive. In some embodiments, the second
biological sample is obtained at least about 1 week after obtaining the first biological sample. In
some embodiments, the second biological sample is obtained at least about 2 weeks after
obtaining the first biological sample. In some embodiments, the second biological sample is
obtained at least about 3 weeks after obtaining the first biological sample. In some embodiments,
the second biological sample is obtained at least about 4 weeks after obtaining the first
biological sample. In some embodiments, the second biological sample is obtained at least about
5 weeks after obtaining the first biological sample. In some embodiments, the second biological
sample is obtained at least about 6 weeks after obtaining the first biological sample. In some
embodiments, the second biological sample is obtained at least about 7 weeks after obtaining the
first biological sample. In some embodiments, the second biological sample is obtained at least
about 8 weeks after obtaining the first biological sample. In some embodiments, the first

biological sample and the second biological sample are the same sample. In some embodiments,

-12 -



WO 2018/081130 PCT/US2017/058099
the first set of markers and the second set of markers are the same set of markers. In some
embodiments, the sensitivity of the first assay for the first set of markers is at least about 80%.
In some embodiments, the first assay has a negative predictive value of at least about 80%. In
some embodiments, the specificity of the second assay for the second set of markers is at least
about 70%. In some embodiments, the second assay has a positive predictive value of at least
about 10%. In some embodiments, the positive predictive value of the second assay is at least
about 1.5-fold, at least about 2-fold, at least about 4-fold, at least about 10-fold, at least about
20-fold, at least about 50-fold, or at least about 100-fold greater than the positive predictive
value of the first assay. In some embodiments, the method has a sensitivity of at least about 80%.
In some embodiments, the method has a negative predictive value of at least about 80%. In some
embodiments, the method has a specificity of at least about 70%. In some embodiments, the
method has a positive predictive value of at least about 10%. In some embodiments, the method
has a negative predictive value of at least about 95%. In some embodiments, the method of the
present disclosure comprises determining if the first biological sample includes the first set of
markers. In some embodiments, the first set of markers 1s indicative of the tumor. In some
embodiments the method comprises determining if first biological sample includes the first set
of markers, and the determining is performed within at most about 24 hours after performing the
first assay. In some embodiments, the second assay is performed at least about 1 week after
performing the first assay. In some embodiments, the tumor is benign. In some embodiments,
the tumor is pre-cancerous. In some embodiments, the tumor is cancerous. In some
embodiments, the tumor is nasal cancer. In some embodiments, the tumor is nasopharyngeal
cancer. In some embodiments, the tumor is oral cancer. In some embodiments, the tumor-
derived DNA comprises viral DNA or a fragment thereof. In some embodiments, the tumor 1s
oropharyngeal cancer. In some embodiments, the tumor-derived DNA comprises tumor-derived
Epstein-Barr Virus (EBV) DNA fragments. In some embodiments, the tumor-derived EBV
DNA fragments comprise at least one BamHI-W sequence. In some embodiments, the tumor-
derived EBV DNA fragments have a length of less than about 180 nucleotides. In some
embodiments, at least one of the first biological sample and the second biological sample
comprise virus-derived EBV DNA fragments having a length of at least about 180 nucleotides.
In some embodiments, the methods of the present disclosure comprise detecting the virus-
derived DNA. In some embodiments, the methods of the present disclosure comprise detecting
the virus-derived DNA, and detection of the virus-derived DNA 1s a negative control for tumor-
derived DNA. In some embodiments, the tumor is liver cancer. In some embodiments, the tumor
is bladder cancer. In some embodiments, the tumor is bone cancer. In some embodiments, the

tumor is a brain tumor. In some embodiments, the tumor is breast cancer. In some embodiments,
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the tumor is esophageal cancer. In some embodiments, the tumor is gastrointestinal cancer. In
some embodiments, the tumor is a hematopoietic malignancy. In some embodiments, the tumor
1s leukemia. In some embodiments, the tumor is lung cancer. In some embodiments, the tumor 1s
lymphoma. In some embodiments, the tumor is myeloma. In some embodiments, the tumor is
ovarian cancer. In some embodiments, the tumor is prostate cancer. In some embodiments, the
tumor is sarcoma. In some embodiments, the tumor is stomach cancer. In some embodiments,
the tumor is thyroid cancer. In some embodiments, the first biological sample is whole blood,
blood plasma, blood serum, urine, cerebrospinal fluid, buffy coat, or a combination thereof. In
some embodiments, the second biological sample is whole blood, blood plasma, blood serum,
urine, cerebrospinal fluid, buffy coat, or a combination thereof. In some embodiments, at least
one of the first biological sample and the second biological sample is selected from the group
consisting of whole blood, blood plasma, blood serum, urine, cerebrospinal fluid, buffy coat, and
a combination thereof. In some embodiments, the tumor-derived DNA are substantially cell-free.
In some embodiments, measuring the first amount of the tumor derived DNA comprises using
real time polymerase chain reaction (PCR) to detect the copy number of tumor-derived DNA in
the biological sample. In some embodiments, the tumor-derived DNA comprises Epstein-Barr
Virus (EBV) DNA fragments. In some embodiments, the EBV DNA fragments comprise at least
one BamHI-W sequence. In some embodiments, detecting the copy number of tumor-derived
DNA comprises detecting the copy number of the at least one BamHI-W sequence. In some
embodiments, the tumor is nasopharyngeal cancer, and the first calibration value is between zero
and at most about 1,000,000 copies of BamHI-W sequence per milliliter of the biological sample.
In some embodiments, the first calibration value is between zero and at most about 4,000 copies
of BamHI-W sequence per milliliter of the biological sample. In some embodiments, the first
calibration value is between about 20,000 and about 50,000 copies of BamHI-W sequence per
milliliter of the biological sample. In some embodiments, the first calibration value corresponds
to a copy number of DNA fragments derived from a control subject. In some embodiments, the
first calibration value is obtained from a database. In some embodiments, measuring the first
amount of the tumor derived DNA comprises using sequencing to detect one of the fragment
size distribution or the fragmentation pattern of tumor-derived DNA 1n the biological sample. In
some embodiments, the method of present disclosure comprises sequencing, and the sequencing
1s massively parallel sequencing. In some embodiments, measuring the first amount of the tumor
derived DNA comprises using methylation-aware sequencing to detect the methylation status of
tumor-derived DNA in the biological sample. In some embodiments, the tumor is
nasopharyngeal cancer, and identifying the tumor in the subject further comprises performing an

endoscopic examination of the nasopharynx in the subject. In some embodiments, identifying
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the tumor in the subject further comprises performing a magnetic resonance imaging
examination on the subject. In some embodiments, the DNA fragments correspond to one or
more predetermined regions of a genome. In some embodiments, the first parameter represents
an abundance of short DNA fragments relative to an abundance of large DNA fragments. In
some embodiments, the short DNA fragments have a smaller size than the large DNA fragments.
In some embodiments, the second calibration value comprises a plurality of second calibration
values. In some embodiments, each of the plurality of second calibration values corresponds to a
fractional concentration of the tumor-derived DNA in a calibration sample. In some
embodiments, each of the plurality of second calibration values is determined from a histogram
corresponding to a different calibration sample of a plurality of calibration samples. In some
embodiments, the histogram provides amounts of DNA fragments at a plurality of sizes. In some
embodiments, at least a portion of each of the different calibration samples has different
fractional concentrations of tumor-derived DNA. In some embodiments, the methods of the
present disclosure comprise calculating the second calibration value. In some embodiments,
calculating the second calibration value comprises, for each of the plurality of calibration
samples, measuring the fractional concentration of tumor-derived DNA in the calibration sample.
In some embodiments, calculating the second calibration value comprises, for each of the
plurality of calibration samples, measuring amounts of DNA fragments at the plurality of sizes.
In some embodiments, calculating the second calibration value comprises, for each of the
plurality of calibration samples, calculating the second calibration value of the first parameter
based on the amounts of DNA fragments at the plurality of sizes. In some embodiments, the
methods of the present disclosure comprise determining a function that approximates the second
calibration value of the plurality of second calibration values. In some embodiments, each of the
plurality of second calibration values corresponds to a different fractional concentration of
tumor-derived DNA. In some embodiments, the function is a linear function. In some
embodiments, measuring the second amount of DNA fragments from the biological sample,
corresponding to each of a plurality of sizes, comprises, for each of the DNA fragments,
measuring a size of the DNA fragment. In some embodiments, measuring the size of the DNA
fragment comprises performing sequencing of the DNA fragment to obtain sequence reads. In
some embodiments, measuring the size of the DNA fragment comprises aligning the sequence
reads to locations in a reference genome. In some embodiments, measuring the size of the DNA
fragment comprises using the aligned locations to determine the size of the DNA fragment. In
some embodiments, the methods of the present disclosure comprise sequencing, and the
sequencing is paired-end sequencing. In some embodiments, a size of the plurality of sizes

corresponds to a length. In some embodiments, a size of the plurality of sizes corresponds to a
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molecular mass. In some embodiments, a size of the plurality of sizes corresponds to a
parameter that is proportional to the length. In some embodiments, a size of the plurality of sizes
corresponds to a parameter that is proportional to a mass.

[0017] In some embodiments, methods and systems provided herein are not used for
diagnostic purposes. In some aspects, the methods of the present disclosure comprise a non-
diagnostic method for detecting a disease (e.g., a tumor) in a subject. In some embodiments, the
non-diagnostic method comprises obtaining a first biological sample from the subject. In some
embodiments, the first biological sample comprises tumor-derived DNA. In some embodiments,
the first biological sample comprises cell-free DNA. In some embodiments, the non-diagnostic
method comprises performing a first assay. In some embodiments, the first assay has a
sensitivity for a first set of markers. In some embodiments, the first set of markers are indicative
of a tumor. In some embodiments, the first assay comprises measuring a first amount of the
tumor-derived DNA from the first biological sample. In some embodiments, the first amount of
the tumor-derived DNA corresponds to a copy number of the tumor-derived DNA. In some
embodiments, the first amount of the tumor-derived DNA corresponds to a fragment size
distribution of the tumor-derived DNA. In some embodiments, the first amount of the tumor-
derived DNA corresponds to a fragmentation pattern of the tumor-derived DNA. In some
embodiments, the first amount of the tumor-derived DNA corresponds to a methylation status of
the tumor-derived DNA. In some embodiments, the first amount of the tumor-derived DNA
corresponds to a mutational status of the tumor-derived DNA. In some embodiments, the first
assay comprises generating a comparison of the first amount of tumor-derived DNA to at least
one first calibration value. In some embodiments, the first assay comprises determining if the
first biological sample includes the first set of markers indicative of the tumor. In some
embodiments, the first assay comprises determining if the first biological sample includes the
first set of markers indicative of the tumor, and the determining is based on the comparison of
the first amount of tumor-derived DNA to the at least one first calibration value. In some
embodiments, the non-diagnostic method comprises performing a second assay. In some
embodiments, the non-diagnostic method comprises performing a second assay if it is
determined that the first biological sample includes the first set of markers indicative of the
tumor. In some embodiments, the second assay has a specificity for a second set of markers
indicative of the tumor. In some embodiments, the second assay comprises measuring a second
amount of tumor-derived DNA from a second biological sample. In some embodiments, the
second amount of tumor-derived DNA corresponds to a fragment size distribution of the tumor-
derived DNA. In some embodiments, the second amount of tumor-derived DNA corresponds to

a fragmentation pattern of the tumor-derived DNA. In some embodiments, the second amount of
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tumor-derived DNA corresponds to a methylation status of the tumor-derived DNA. In some
embodiments, the second amount of tumor-derived DNA corresponds to a mutational status of
the tumor-derived DNA. In some embodiments, the second assay comprises generating a
comparison of the second amount of DNA to at least one second calibration value. In some
embodiments, the second assay comprises identifying the tumor in the subject. In some
embodiments, the second assay comprises identifying the tumor in the subject, and the
identifying is based on the comparison of the second amount of DNA to the at least one second
calibration value. In some embodiments, the non-diagnostic method comprises outputting a
report. In some embodiments, the non-diagnostic method comprises outputting a report, and the
report is indicative of tumor in the subject. In some embodiments, the second amount of tumor-
derived DNA corresponds to the fragment size distribution. In some embodiments, measuring
the second amount includes the tumor-derived DNA and other DNA, thereby generating
amounts of DNA fragments at the plurality of sizes. In some embodiments, the non-diagnostic
method comprises generating a comparison, and generating a comparison comprises calculating
a first value of a first parameter. In some embodiments, the non-diagnostic method comprises
generating a comparison, and generating a comparison comprises calculating a first value of a
first parameter providing a statistical measure of a size profile of DNA fragments in the second
biological sample. In some embodiments, the non-diagnostic method comprises generating a
comparison, and generating a comparison comprises comparing the first value to at least one
second calibration value. In some embodiments, obtaining the first biological sample is non-
invasive. In some embodiments, the first biological sample comprises DNA derived from
normal cells. In some embodiments, the second biological sample comprises DNA derived from
normal cells. In some embodiments, the non-diagnostic method further comprises obtaining the
second biological sample. In some embodiments, the second biological sample comprises DNA
derived from normal cells and tumor-derived DNA. In some embodiments, the non-diagnostic
method comprises obtaining the second biological sample, and obtaining the second biological
sample is non-invasive. In some embodiments, the second biological sample is obtained at least
about 1 week after obtaining the first biological sample. In some embodiments, the second
biological sample is obtained at least about 2 weeks after obtaining the first biological sample.
In some embodiments, the second biological sample is obtained at least about 3 weeks after
obtaining the first biological sample. In some embodiments, the second biological sample is
obtained at least about 4 weeks after obtaining the first biological sample. In some embodiments,
the second biological sample is obtained at least about 5 weeks after obtaining the first
biological sample. In some embodiments, the second biological sample is obtained at least about

6 weeks after obtaining the first biological sample. In some embodiments, the second biological

-17 -



WO 2018/081130 PCT/US2017/058099
sample is obtained at least about 7 weeks after obtaining the first biological sample. In some
embodiments, the second biological sample is obtained at least about 8 weeks after obtaining the
first biological sample. In some embodiments, the first biological sample and the second
biological sample are the same sample. In some embodiments, the first set of markers and the
second set of markers are the same set of markers. In some embodiments, the sensitivity of the
first assay for the first set of markers is at least about 80%. In some embodiments, the first assay
has a negative predictive value of at least about 80%. In some embodiments, the specificity of
the second assay for the second set of markers is at least about 70%. In some embodiments, the
second assay has a positive predictive value of at least about 10%. In some embodiments, the
positive predictive value of the second assay is at least about 1.5-fold, at least about 2-fold, at
least about 4-fold, at least about 10-fold, at least about 20-fold, at least about 50-fold, or at least
about 100-fold greater than the positive predictive value of the first assay. In some embodiments,
the non-diagnostic method has a sensitivity of at least about 80%. In some embodiments, the
non-diagnostic method has a negative predictive value of at least about 80%. In some
embodiments, the non-diagnostic method has a specificity of at least about 70%. In some
embodiments, the non-diagnostic method has a positive predictive value of at least about 10%.
In some embodiments, the non-diagnostic method has a negative predictive value of at least
about 95%. In some embodiments, the non-diagnostic method of the present disclosure
comprises determining if the first biological sample includes the first set of markers. In some
embodiments, the first set of markers are indicative of the tumor. In some embodiments the non-
diagnostic method comprises determining if first biological sample includes the first set of
markers, and the determining is performed within at most about 24 hours after performing the
first assay. In some embodiments, the second assay is performed at least about 1 week after
performing the first assay. In some embodiments, the tumor is benign. In some embodiments,
the tumor is pre-cancerous. In some embodiments, the tumor is cancerous. In some
embodiments, the tumor is nasal cancer. In some embodiments, the tumor is nasopharyngeal
cancer. In some embodiments, the tumor is oral cancer. In some embodiments, the tumor-
derived DNA comprises viral DNA or a fragment thereof. In some embodiments, the tumor is
oropharyngeal cancer. In some embodiments, the tumor-derived DNA comprises tumor-derived
Epstein-Barr Virus (EBV) DNA fragments. In some embodiments, the tumor-derived EBV
DNA fragments comprise at least one BamHI-W sequence. In some embodiments, the tumor-
derived EBV DNA fragments have a length of less than about 180 nucleotides. In some
embodiments, at least one of the first biological sample and the second biological sample
comprise virus-derived EBV DNA fragments having a length of at least about 180 nucleotides.

In some embodiments, the non-diagnostic methods of the present disclosure comprise detecting
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the virus-derived DNA. In some embodiments, the non-diagnostic methods of the present
disclosure comprise detecting the virus-derived DNA, and detection of the virus-derived DNA 1s
a negative control for tumor-derived DNA. In some embodiments, the tumor is liver cancer. In
some embodiments, the tumor is bladder cancer. In some embodiments, the tumor is bone cancer.
In some embodiments, the tumor is a brain tumor. In some embodiments, the tumor is breast
cancer. In some embodiments, the tumor is esophageal cancer. In some embodiments, the tumor
1s gastrointestinal cancer. In some embodiments, the tumor is a hematopoietic malignancy. In
some embodiments, the tumor is leukemia. In some embodiments, the tumor is lung cancer. In
some embodiments, the tumor is lymphoma. In some embodiments, the tumor is myeloma. In
some embodiments, the tumor is ovarian cancer. In some embodiments, the tumor is prostate
cancer. In some embodiments, the tumor is sarcoma. In some embodiments, the tumor is
stomach cancer. In some embodiments, the tumor is thyroid cancer. In some embodiments, the
first biological sample is whole blood, blood plasma, blood serum, urine, cerebrospinal fluid,
buffy coat, or a combination thereof. In some embodiments, the second biological sample 1s
whole blood, blood plasma, blood serum, urine, cerebrospinal fluid, buffy coat, or a combination
thereof. In some embodiments, at least one of the first biological sample and the second
biological sample is selected from the group consisting of whole blood, blood plasma, blood
serum, urine, cerebrospinal fluid, buffy coat, and a combination thereof. In some embodiments,
the tumor-derived DNA are substantially cell-free. In some embodiments, measuring the first
amount of the tumor derived DNA comprises using real time polymerase chain reaction (PCR)
to detect the copy number of tumor-derived DNA in the biological sample. In some
embodiments, the tumor-derived DNA comprises Epstein-Barr Virus (EBV) DNA fragments. In
some embodiments, the EBV DNA fragments comprise at least one BamHI-W sequence. In
some embodiments, detecting the copy number of tumor-derived DNA comprises detecting the
copy number of the at least one BamHI-W sequence. In some embodiments, the tumor 1s
nasopharyngeal cancer, and the first calibration value is between zero and at most about
1,000,000 copies of BamHI-W sequence per milliliter of the biological sample. In some
embodiments, the first calibration value is between zero and at most about 4,000 copies of
BamHI-W sequence per milliliter of the biological sample. In some embodiments, the first
calibration value 1s between about 20,000 and about 50,000 copies of BamHI-W sequence per
milliliter of the biological sample. In some embodiments, the first calibration value corresponds
to a copy number of DNA fragments derived from a control subject. In some embodiments, the
first calibration value is obtained from a database. In some embodiments, measuring the first
amount of the tumor derived DNA comprises using sequencing to detect one of the fragment

size distribution or the fragmentation pattern of tumor-derived DNA 1n the biological sample. In
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some embodiments, the non-diagnostic method of present disclosure comprises sequencing, and
the sequencing is massively parallel sequencing. In some embodiments, measuring the first
amount of the tumor derived DNA comprises using methylation-aware sequencing to detect the
methylation status of tumor-derived DNA in the biological sample. In some embodiments, the
tumor 1s nasopharyngeal cancer, and identifying the tumor in the subject further comprises
performing an endoscopic examination of the nasopharynx in the subject. In some embodiments,
identifying the tumor in the subject further comprises performing a magnetic resonance imaging
examination on the subject. In some embodiments, the DNA fragments correspond to one or
more predetermined regions of a genome. In some embodiments, the first parameter represents
an abundance of short DNA fragments relative to an abundance of large DNA fragments. In
some embodiments, the short DNA fragments have a smaller size than the large DNA fragments.
In some embodiments, the second calibration value comprises a plurality of second calibration
values. In some embodiments, each of the plurality of second calibration values corresponds to a
fractional concentration of the tumor-derived DNA in a calibration sample. In some
embodiments, each of the plurality of second calibration values is determined from a histogram
corresponding to a different calibration sample of a plurality of calibration samples. In some
embodiments, the histogram provides amounts of DNA fragments at a plurality of sizes. In some
embodiments, at least a portion of each of the different calibration samples has different
fractional concentrations of tumor-derived DNA. In some embodiments, the non-diagnostic
methods of the present disclosure comprise calculating the second calibration value. In some
embodiments, calculating the second calibration value comprises, for each of the plurality of
calibration samples, measuring the fractional concentration of tumor-derived DNA in the
calibration sample. In some embodiments, calculating the second calibration value comprises,
for each of the plurality of calibration samples, measuring amounts of DNA fragments at the
plurality of sizes. In some embodiments, calculating the second calibration value comprises, for
each of the plurality of calibration samples, calculating the second calibration value of the first
parameter based on the amounts of DNA fragments at the plurality of sizes. In some
embodiments, the non-diagnostic methods of the present disclosure comprise determining a
function that approximates the second calibration value of the plurality of second calibration
values. In some embodiments, each of the plurality of second calibration values corresponds to a
different fractional concentration of tumor-derived DNA. In some embodiments, the function is
a linear function. In some embodiments, measuring the second amount of DNA fragments from
the biological sample, corresponding to each of a plurality of sizes, comprises, for each of the
DNA fragments, measuring a size of the DNA fragment. In some embodiments, measuring the

size of the DNA fragment comprises performing sequencing of the DNA fragment to obtain
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sequence reads. In some embodiments, measuring the size of the DNA fragment comprises
aligning the sequence reads to locations in a reference genome. In some embodiments,
measuring the size of the DNA fragment comprises using the aligned locations to determine the
size of the DNA fragment. In some embodiments, the non-diagnostic methods of the present
disclosure comprise sequencing, and the sequencing is paired-end sequencing. In some
embodiments, a size of the plurality of sizes corresponds to a length. In some embodiments, a
size of the plurality of sizes corresponds to a molecular mass. In some embodiments, a size of
the plurality of sizes corresponds to a parameter that is proportional to the length. In some
embodiments, a size of the plurality of sizes corresponds to a parameter that is proportional to a
mass.

[0018] Various embodiments are directed to applications (e.g., diagnostic applications) of the
analysis of the fragmentation patterns and size of cell-free DNA, e.g., plasma DNA and serum
DNA, including nucleic acids from pathogens, including viruses. Embodiments 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.
Embodiments of another application can be used to assess the stage of a 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).

[0019] Embodiments of yet another application can determine a classification of a
proportional contribution of a particular tissue type in a mixture of cell-free DNA from different
tissue types. For example, specific percentages, range of percentages, or whether the
proportional contribution is above a specified percentage can be determined as a classification.
In one example, preferred ending positions for the particular tissue type can be identified, and a
relative abundance of cell-free DNA molecules ending on the preferred ending positions can be
used to provide the classification of the proportional contribution (e.g., a relative contribution
from one tissue to another). In another example, an amplitude in a fragmentation pattern (e.g.,
number of cell-free DNA molecules ending at a genomic position) in a region specific to the
particular tissue type can be used.

[0020] Other embodiments are directed to systems, portable consumer devices, and computer
readable media associated with methods described herein.

[0021] Additional aspects and advantages of the present disclosure will become readily
apparent to those skilled in this art from the following detailed description, wherein only
illustrative embodiments of the present disclosure are shown and described. As will be realized,

the present disclosure is capable of other and different embodiments, and its several details are
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capable of modifications in various obvious respects, all without departing from the disclosure.
Accordingly, the drawings and description are to be regarded as illustrative in nature, and not as

restrictive.

INCORPORATION BY REFERENCE
[0022] All publications, patents, and patent applications herein are incorporated by reference
in their entireties. In the event of a conflict between a term herein and a term in an incorporated

reference, the term herein controls.

BRIEF DESCRIPTION OF THE DRAWINGS
[0023] The novel features are set forth with particularity in the appended claims. A better
understanding of the features and advantages will be obtained by reference to the following
detailed description that sets forth illustrative embodiments, in which the principles are utilized,
and the accompanying drawings (also “Figure” and “FIG.” herein), of which:
[0024] FIG. 1 depicts a schematic showing Epstein-Barr virus (EBV) DNA fragments from a
nasopharyngeal cancer (NPC) cell being deposited into the bloodstream of a subject.
[0025] FIG. 2 depicts the concentration of plasma EBV DNA (copies / mL of plasma) in
subjects with NPC and control subjects.
[0026] FIG. 3 depicts the concentration of plasma EBV DNA (copies / mL of plasma) in
subjects with early stage NPC and advanced stage NPC.
[0027] FIG. 4 depicts the population study on 20,174 subjects using single assay or two
assays approach.
[0028] FIG. 5 depicts a violin plot of the concentration of plasma EBV DNA (copies / mL of
plasma) in subjects with NPC and subjects not having NPC.
[0029] FIG. 6A depicts a table with values for the sensitivity and specificity of a single assay
in detecting NPC in a subject at various concentrations of plasma EBV DNA concentration, and
FIG. 6B depicts a ROC curve, corresponding to the values in the table in FIG.6A, plotting the
sensitivity against the specificity at various cutoff values of plasma EBV DNA concentration
(copies / mL of plasma).
[0030] FIG. 7 depicts the concentration of plasma EBV DNA (copies / mL of plasma) in
subjects with NPC and subjects who falsely tested positive (FP) for NPC (No NPC) in a first
assay and a second assay.
[0031] FIG. 8A depicts a table with values for the sensitivity and specificity in detecting NPC
in a subject at various concentrations of plasma EBV DNA concentration, and FIG. 8B depicts a

ROC curve, corresponding to the values in the table in FIG.8A, plotting the sensitivity against
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the specificity at various cutoff values of plasma EBV DNA concentration (copies / mL of
plasma).

[0032] FIG. 9 depicts the specificity, sensitivity, and positive predictive value of a test
comprising a single assay or two assays.

[0033] FIG. 10 depicts the false positive rate of a second assay (e.g., follow-up test),
performed in subjects that are positive for a first assay (e.g., baseline), at various time intervals
after performing the first assay.

[0034] FIG. 11 depicts an exemplary timeline for performing a first assay to detect plasma
EBV DNA concentration (e.g., at enrollment) and one or more follow-up tests (e.g., a second
assay) at 4 weeks after enrollment. A second assay can be performed as early as 1 week after
performing the first assay.

[0035] FIG. 12 depicts overall survival of subjects with various stages of NPC over time.
[0036] FIG. 13 depicts the stage distribution of NPC in Hong Kong subjects.

[0037] FIG. 14 depicts the non-random fragmentation patterns of plasma DNA of an HCC
patient.

[0038] FIG. 15 depicts a plot of probability that a genomic coordinate is an ending position of
plasma DNA fragments across a genomic region with a mutation site.

[0039] FIG. 16 depicts a Venn diagram classifying ending positions for plasma DNA
fragments across genomic positions where mutations were present in a tumor tissue.

[0040] FIG. 17 depicts an illustration of preferred-end termination ratios (PETR).

[0041] FIG. 18 depicts the correlation between tumor DNA fraction in plasma with various
PETR ratios at a set of genomic positions.

[0042] FIG. 19 depicts a chromosome ideogram showing arm-level z-score analysis to detect
copy number and/or methylation aberrations in a pre-operative (inner ring) and post-operative
(outer ring) plasma sample of a subject.

[0043] FIG. 20 depicts the size of distribution of wildtype DNA fragments and fragments
having one or more mutations associated with a condition (e.g., a tumor).

[0044] FIG. 21 depicts a scatter plot of the proportion of cancer-derived DNA fragments less
than 150 base pairs (bottom left), between 150 and 180 base pairs (bottom center), and greater
than 180 base pairs (bottom right) against the cancer DNA concentration in the sample.

[0045] FIG. 22 depicts an flow chart of an exemplary method of the present disclosure
comprising performing a first JPCR assay, and potentially performing a second next-generation
sequencing (NGS)-based assay.

[0046] FIG. 23 shows an illustrative example for the definition of intact probability (Py)

according to embodiments of the present invention.
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[0047] FIGS. 24A and 24B shows variation in Py across a segment on chromosome 6 using 25
as the value of z, according to embodiments of the present invention.

[0048] FIG. 25 shows the illustration of the synchronous variation of P; for maternally and
fetal-derived DNA in maternal plasma.

[0049] FIG. 26 shows an illustration of asynchronous variation of P; for maternally and fetal-
derived DNA in maternal plasma.

[0050] FIG. 27 is a flowchart showing an analysis on whether maternal and fetal DNA
molecules are synchronous in the variation in Py.

[0051] FIG. 28 shows an analysis of two maternal plasma samples (S24 and S26) for the
variation of P; for maternally (red/grey) and fetal (blue/black) derived DNA fragments in
maternal plasma.

[0052] FIG. 29 shows an illustration of the amplitude of variation of P;.

[0053] FIG. 30A shows patterns of Py variation at regions that are DNase hypersensitivity sites
but not TSS. FIG. 30B shows patterns of P; variation at regions that are TSS but not DNase
hypersensitivity sites.

[0054] FIG. 31 shows an illustration of the principle for the measurement of the proportion of
DNA released from different tissues.

[0055] FIG. 32 shows the relationship between FR and the proportional contribution of tissue
A to DNA in a mixture determined by analysis of two or more calibration samples with known
proportional concentrations of DNA from tissue A.

[0056] FIG. 33 shows a correlation between FRpjacenta and fetal DNA percentage in maternal
plasma.

[0057] FIG. 34 shows a correlation between FRy),04 and fetal DNA concentration in maternal
plasma.

[0058] FIG. 35 is a flowchart of a method 1300 of analyzing a biological sample to determine
a classification of a proportional contribution of the first tissue type according to embodiments
of the present invention.

[0059] FIG. 36 shows an illustration of the principle of a difference for where circulating DNA
fragments for tumor or fetal-derived DNA.

[0060] FIG. 37 is a flowchart of a method of analyzing a biological sample including a mixture
of cell-free DNA molecules from a plurality of tissues types that includes a first tissue type.
[0061] FIG. 38 is a Venn diagram showing the number of frequent endings sites that are
specific for the hepatocellular carcinoma (HCC) case, specific for the pregnant woman and

shared by both cases.
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[0062] FIG. 39 shows a calibration curve showing the relationship between the proportion of
sequenced DNA fragments ending on cancer-specific ending positions and tumor DNA fraction
in plasma for cancer patients with known tumor DNA fractions in plasma.

[0063] FIG. 40 shows an illustrative example of the non-random fragmentation patterns of
plasma DNA carrying a fetal-specific allele and an allele shared by the mother and the fetus.
[0064] FIG. 41 shows a plot of probability a genomic coordinate being an ending position of
maternal plasma DNA fragments across a region with an informative single nucleotide
polymorphism (SNP).

[0065] FIG. 42 shows an analysis of ending positions for plasma DNA fragments across SNPs
that were homozygous in the mother and heterozygous in the fetus.

[0066] FIG. 43 shows an analysis of ending positions for plasma DNA fragments across SNPs
that were homozygous in the fetus and heterozygous in the mother.

[0067] FIG. 44 shows a correlation between the relative abundance (Ratio (F/M)) of plasma
DNA molecules with recurrent fetal (Set A) and maternal (Set X) ends and fetal DNA fraction.
[0068] FIGS. 45A-45E show data regarding plasma DNA size distributions for fragments
ending on the fetal-preferred ending positions and fragments ending on the maternal-preferred
ending positions.

[0069] FIGS. 46A-46E show data regarding plasma DNA size distributions in a pooled plasma
DNA sample from 26 first trimester pregnant women for fragments ending on the fetal-preferred
ending positions and fragments ending on the maternal-preferred ending positions.

[0070] FIG. 47 shows an illustrative example of the non-random fragmentation patterns of
plasma DNA of the HCC patient.

[0071] FIG. 48 is a plot of probability a genomic coordinate being an ending position of
plasma DNA fragments across a region with a mutation site.

[0072] FIG. 49A shows an analysis of ending positions for plasma DNA fragments across
genomic positions where mutations were present in the tumor tissue.

[0073] FIG. 49B shows a correlation between Ratioyywr and tumor DNA fraction in the
plasma of 71 HCC patients.

[0074] FIG. S0A shows the number of preferred ending positions for the plasma DNA of the
pregnant woman and the HCC patient. Set P contained 29 million ending positions which were
preferred in the pregnant woman.

[0075] FIG. SOB shows a positive correlation was observed between Rationcc/preg and tumor
DNA fraction in plasma for the 71 HCC patients.

[0076] FIG. 51A shows an illustration of the concept of preferred end termination ratio

(PETR). Each line represents one plasma DNA fragment.
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[0077] FIG. 51B shows a correlation between tumor DNA fraction in plasma with PETR at the
Set H positions in 11 HCC patients.

[0078] FIG. 52 shows a proportion of short DNA (< 150 bp) detected among plasma DNA
molecules ending with HCC-preferred ends, HBV-preferred ends or the shared ends.

[0079] FIG. S3A shows an illustration of the principle of w-PETR. The value of w-PETR is
calculated as the ratio between the number of DNA fragments ending within Window A and
Window B.

[0080] FIG. 53B shows a correlation between tumor DNA fraction and the value of w-PETR in
the 11 HCC patients.

[0081] FIG. 54 shows the proportion of commonly shared preferred ending positions detected
in plasma samples of each of the studied sample when compared with a cord blood plasma
sample (210x haploid genome coverage).

[0082] FIG. 55 shows a Venn diagram showing the number of preferred ending positions
commonly observed in two or more samples as well as those that were only observed in any one
sample.

[0083] FIG. S6A shows a correlation between fetal DNA fraction in plasma and average PETR
on the set of positions identified through the comparison between “pre-delivery” and “post-
delivery” plasma DNA samples. FIG. S6B shows a correlation between fetal DNA fraction in
plasma and average w-PETR on the set of positions identified through the comparison between
“pre-delivery” and “post-delivery” plasma DNA samples.

[0084] FIG. 57A shows the top 1 million most frequently observed plasma DNA preferred
ending positions among two pregnant women at 18 weeks (pregnant subject 1) and 38 weeks of
gestation (pregnant subject 2).

[0085] FIG. 57B shows a comparison of the PETR values of the top 1 million most frequently
observed preferred ending positions in plasma of two pregnant women.

[0086] FIG. 58 is a flowchart of a method of analyzing a biological sample to determine a
classification of a proportional contribution of the first tissue type in a mixture according to
embodiments of the present invention.

[0087] FIGS. S9A and 59B show plasma EBV DNA concentrations measured by real-time
PCR for different groups of subjects.

[0088] FIGS. 60A and 60B show the proportion of sequenced plasma DNA fragments mapped
to the EBV genome for different groups of subjects.

[0089] FIG. 61 shows the size distribution of EBV DNA fragments in a pooled sample from
normal subjects and 6 subjects having nasopharyngeal cancer (e.g., TBR1344, TBR1358,
TBR1360, TBR1378, TBR1379, and TBR1390).

-26 -



WO 2018/081130 PCT/US2017/058099
[0090] FIG. 62 shows the size distribution of sequenced plasma DNA fragments mapped to the
EBYV genome and human genome in 6 subjects having nasopharyngeal cancer (e.g., TBR1344,
TBR1358, TBR1360, TBR1378, TBR1379, and TBR1390).

[0091] FIG. 63 shows the size distribution of sequenced plasma DNA fragments mapped to the
EBV genome and human genome in 3 subjects having lymphoma (TBR1332, TBR1333, and
TBR1551).

[0092] FIG. 64 shows the size distribution of sequenced plasma DNA fragments mapped to the
EBV genome and human genome in 6 control subjects (AP080, BP065, EN086, BHO35, FF159,
and GCO038).

[0093] FIG. 65 shows the percentage of sequenced plasma EBV DNA fragments below 150
bp.

[0094] FIG. 66 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.

[0095] FIG. 67 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).

[0096] FIG. 68 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 fragments in 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.

[0097] FIG. 69 shows the ratio of the number of fragments ending on Set B positions divided
by the number of fragments ending on Set A positions (e.g., B/A ratios) for different groups of
subjects.

[0098] FIG. 70 shows plasma EBV DNA concentrations measured by real-time PCR for (left)
subjects persistently positive for plasma EBV DNA but having no observable pathology, and
(right) early-stage NPC patients identified by screening.

[0099] FIG. 71 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) early-stage NPC patients identified by screening.

-27-



WO 2018/081130 PCT/US2017/058099
[00100] FIG. 72 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.

[00101] FIG. 73 shows the B/A ratio for (left) subjects persistently positive for plasma EBV
DNA but having no observable pathology, and (right) early-stage NPC patients identified by
screening.

[00102] FIG. 74 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 EBV DNA
but having no observable pathology, and (open circle) early-stage NPC patients identified by
screening.

[00103] FIG. 75 shows plasma EBV DNA concentrations (copies/milliliter) measured by real-
time PCR 1n 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.

[00104] FIG. 76A shows plasma EBV DNA concentrations (copies / milliliter) measured by
real-time PCR 1n 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. FIG. 76B shows the proportion of plasma DNA fragments mapped to the EBV
genome 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.

[00105] FIG. 77 shows the size profiles of sequenced plasma DNA fragments in subjects having
NPC (left) and subjects that are persistently positive for plasma EBV DNA (right) mapped to the
EBV genome and human genome.

[00106] FIG. 78 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 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.

[00107] FIG. 79 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.

[00108] FIG. 80 shows an end ratio (e.g., a ratio of a number of sequenced plasma EBV DNA
fragments ending on Set B positions and a number of sequenced plasma EBV DNA fragments
ending on Set A positions) in subjects that are persistently positive for plasma EBV DNA (left)
but have no observable pathology, and subjects identified as having NPC.
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[00109] FIG. 81 shows the number of subjects identified as being transiently positive or

persistently 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 (e.g., greater than or equal to 0.0009%) and a
subsequent second analysis using a size ratio (e.g., less than or equal to 7%).

[00110] FIGS. 82A and 82B 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 EBV DNA but have no
observable pathology, or subjects identified as having NPC.

[00111] FIG. 83 shows the size distribution of sequenced plasma DNA fragments mapped to the
EBYV genome and human genome in an HCC subject.

[00112] FIG. 84 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.

[00113] FIG. 85 shows a box and whiskers plot of the number of plasma HBV DNA fragments
ending at HCC preferred ending positions normalized to fragments ending at other positions in
(left) subjects having chronic hepatitis B and (right) HCC subjects.

[00114] FIG. 86 shows the number of plasma HPV DNA fragments ending at different positions
of the HPV genome.

[00115] FIG. 87 shows maternal plasma DNA molecules carrying different alleles as they are
aligned to a reference genome near a fetal-preferred ending position.

[00116] FIG. 88 shows a flowchart of a method 5800 of analyzing a biological sample to
determine a genotype of the first tissue type according to embodiments of the present invention.
[00117] FIG. 89 illustrates a system 5900 according to an embodiment of the present invention.
[00118] FIG. 90 shows a block diagram of an example computer system 10 usable with system
and methods according to embodiments of the present invention.

[00119] FIG. 91A shows a proportion of reads mapped to EBV genome in plasma (%) for a
training set of 15 transiently positive samples, 20 persistently positive samples, and 10 samples
from confirmed NPC subjects.

[00120] FIG. 91B 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 training
set.

[00121] FIG. 92A 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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[00122] FIG. 92B 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.

[00123] FIG. 93 illustrates that a next-generation sequencing assay performed on an initial
samples positive for plasma EBV DNA can reduce a false positive rate and increase a positive
predictive value.
[00124] FIG. 94 shows the size distribution of sequenced plasma DNA fragments mapped to the
HPV genome and human genome in three HPV subjects.
[00125] FIG. 95 shows the frequency of plasma DNA fragments ending on each nucleotide in
the HPV genome for 6 subjects.

DETAILED DESCRIPTION
Definitions
[00126] The term “true positive” (TP), as used in the present disclosure, can refer to a subject
having a condition. “True positive” can refer to a subject that has 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” can refer to a subject having a condition, and is identified as
having the condition by an assay or method of the present disclosure.
[00127] The term “true negative” (TN), as used in the present disclosure, can refer to a subject
that does not have a condition or does not have a detectable condition. True negative can refer to
a subject that does 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 disease, or a subject that is otherwise healthy. True negative can refer to a subject that
does not have a condition or does not have a detectable condition, or is identified as not having
the condition by an assay or method of the present disclosure.
[00128] The term “false positive” (FP), as used in the present disclosure, can refer to a subject
that does not have a condition. False positive can refer to a subject that does not have a tumor, a
cancer, a pre-cancerous condition (e.g., a precancerous lesion), a localized or a metastasized
cancer, a non-malignant disease, or is otherwise healthy. The term false positive can refer to a
subject that does not have a condition, but is identified as having the condition by an assay or
method of the present disclosure.
[00129] The term “false negative” (FN), as used in the present disclosure, can refer to a subject
that has a condition. False negative can refer to a subject that has a tumor, a cancer, a pre-

cancerous condition (e.g., a precancerous lesion), a localized or a metastasized cancer, or a non-
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malignant disease. The term false negative can refer to a subject that has a condition, but is
identified as not having the condition by an assay or method of the present disclosure.

[00130] The terms “sensitivity” or “true positive rate” (TPR), as used in the present disclosure,
can refer to the number of true positives divided by the sum of the number of true positives and
false negatives. Sensitivity can characterize the ability of an assay or method to correctly
identify a proportion of the population that truly has a condition. For example, sensitivity can
characterize the ability of a method to correctly identify the number of subjects within a
population having cancer. In another example, sensitivity can characterize the ability of a
method to correctly identify the one or more markers indicative of cancer.

[00131] The terms “specificity” or “true negative rate” (TNR), as used in the present disclosure,
can refer to the number of true negatives divided by the sum of the number of true negatives and
false positives. Specificity can 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 can
characterize the ability of a method to correctly identify the number of subjects within a
population not having cancer. In another example, specificity can characterize the ability of a
method to correctly identify one or more markers indicative of cancer.

[00132] The term “ROC” or “ROC curve,” as used in the present disclosure, can refer to a
receiver operator characteristic curve. A ROC curve can be a graphical representation of the
performance of a binary classifier system. For any given method, a ROC curve can 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 can be determined at
various concentrations of tumor-derived DNA in the plasma sample of the subject. Furthermore,
provided at least one of three parameters (e.g., sensitivity, specificity, and the threshold setting),
a ROC curve can determine the value or expected value for any unknown parameter. The
unknown parameter can be determined using a curve fitted to a ROC curve. For example,
provided the concentration of tumor-derived DNA in a sample, the expected sensitivity and/or
specificity of a test can be determined. The term “AUC” or “ROC-AUC” can refer to the area
under a receiver operator characteristic curve. This metric can provide a measure of diagnostic
utility of a method, taking into account both the sensitivity and specificity of the method.

A ROC-AUC can range from 0.5 to 1.0, where a value closer to 0.5 can indicate a method has
limited diagnostic utility (e.g., lower sensitivity and/or specificity) and a value closer to 1.0
indicates the method has greater diagnostic utility (e.g., higher sensitivity and/or specificity).
See, e.g., Pepe et al, “Limitations of the Odds Ratio in Gauging the Performance of

a Diagnostic, Prognostic, or Screening Marker,” Am. J. Epidemiol 2004, 159 (9): 882-890,

which is entirely incorporated herein by reference. Additional approaches for characterizing
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diagnostic utility include using likelihood functions, odds ratios, information
theory, predictive values, calibration (including goodness-of-fit), and reclassification
measurements. Examples of the approaches are summarized, e.g., in 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.
[00133] “Negative predictive value” or “NPV” can be calculated by TN/(TN+FN) or the true
negative fraction of all negative test results. Negative predictive value can be inherently
impacted by the prevalence of a condition in a population and pre-test probability of the
population intended to be tested. “Positive predictive value” or “PPV” can be calculated by
TP/(TP+FP) or the true positive fraction of all positive test results. PPV can be inherently
impacted by the prevalence of a condition in a population 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.
[00134] A “local maximum” can refer to a genomic position (e.g., a nucleotide) at which the
largest value of the parameter of interest is obtained when compared with the neighboring
positions or refer to the value of the parameter of interest at such a genomic position. As
examples, the neighboring positions can range from 50 bp to 2000 bp. Examples for the
parameter of interest include, but are not limited to, the number of fragments ending on a
genomic position, the number of fragments overlapping with the position, or the proportion of
fragments covering the genomic position that are larger than a threshold size. Many local
maxima can occur when the parameter of interest has a periodic structure. A global maximum is
a specific one of the local maxima. Similarly, a “local minimum” can refer to a genomic position
at which the smallest value of the parameter of interest 1s obtained when compared with the
neighboring positions or refer to the value of the parameter of interest at such a genomic
position.
[00135] The term “mutation,” as used herein, can refer to a detectable change in the genetic
material of one or more cells. In a particular example, one or more mutations can be found in,
and can identify, cancer cells (e.g., driver and passenger mutations). A mutation can be
transmitted from apparent cell to a daughter cell. A person having skill in the art will appreciate
that a genetic mutation (e.g., a driver mutation) in a parent cell can induce additional, different
mutations (e.g., passenger mutations) in a daughter cell. A mutation generally occurs in a
nucleic acid. In a particular example, a mutation can be a detectable change in one or more

deoxyribonucleic acids or fragments thereof. A mutation generally refers to nucleotides that is

-32-



WO 2018/081130 PCT/US2017/058099

added, deleted, substituted for, inverted, or transposed to a new position in a nucleic acid. A
mutation can be a spontaneous mutation or an experimentally induced mutation.

[00136] A mutation in the sequence of a particular tissue is an example of a “tissue-specific
allele.” For example, a tumor can have a mutation that results in an allele at a locus that does
not occur in normal cells. Another example of a "tissue-specific allele" is a fetal-specific allele

that occurs in the fetal tissue, but not the maternal tissue.

bR INAq bR IN4 bR INAq

[00137] The terms “control,” “control sample,” “reference,” “reference sample,” “normal,” and
“normal sample” can be used to describe a sample from a subject that does not have a particular
condition, or is otherwise healthy. In an example, a method as disclosed herein can be performed
on a subject having a tumor, where the reference sample is a sample taken from a healthy tissue
of the subject. A reference sample can be obtained from the subject, or from a database. The
reference can be, e.g., a reference genome that is used to map sequence reads obtained from
sequencing a sample from the subject. A reference genome can refer to a haploid or diploid
genome to which sequence reads from the biological sample and a constitutional sample can be
aligned and compared. An example of constitutional sample can be DNA of white blood cells
obtained from the subject. For a haploid genome, there can be only one nucleotide at each locus.
For a diploid genome, heterozygous loci can be identified; each heterozygous locus can have
two alleles, where either allele can allow a match for alignment to the locus.

[00138] The phrase “healthy,” as used herein, can refer to a subject possessing good health. A
healthy subject can demonstrate an absence of any malignant or non-malignant disease. A
“healthy individual” can have other diseases or conditions, unrelated to the condition being
assayed, which can normally not be considered “healthy.”

[00139] The term “sample,” “biological sample” or “patient sample” can include any tissue or
material derived from a living or dead subject. A biological sample can be a cell-free sample. A
biological sample can comprise a nucleic acid (e.g., DNA or RNA) or a fragment thereof. The
term “nucleic acid” can refer to deoxyribonucleic acid (DNA), ribonucleic acid (RNA) or any
hybrid or fragment thereof. The nucleic acid in the sample can be a cell-free nucleic acid. A
sample can be a liquid sample or a solid sample (e.g., a cell or tissue sample). A biological
sample can be a bodily fluid, such as blood, plasma, serum, urine, vaginal fluid, fluid from a
hydrocele (e.g., of the testis), vaginal flushing fluids, pleural fluid, ascitic fluid, cerebrospinal
fluid, saliva, sweat, tears, sputum, bronchoalveolar lavage fluid, discharge fluid from the nipple,
aspiration fluid from different parts of the body (e.g., thyroid, breast), etc. A sample can be a
stool sample. In various embodiments, the majority of DNA in a biological sample that has been

enriched for cell-free DNA (e.g., a plasma sample obtained via a centrifugation protocol) can be

cell-free (e.g., greater than 50%, 60%, 70%, 80%, 90%, 95%, or 99% of the DNA can be cell-
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free). A biological sample can be treated to physically disrupt tissue or cell structure (e.g.,
centrifugation and/or cell lysis), thus releasing intracellular components into a solution which
can further contain enzymes, buffers, salts, detergents, and the like which can be used to prepare
the sample for analysis.

[00140] The term “fragment” (e.g., a DNA fragment), as used herein, can refer to a portion of a
polynucleotide or polypeptide sequence that comprises at least 3 consecutive nucleotides. A
nucleic acid fragment can retain the biological activity and/or some characteristics of the parent
polynucleotide. In an example, nasopharyngeal cancer cells can deposit fragments of Epstein-
Barr Virus (EBV) DNA into the blood stream of a subject, e.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 BamHI-W sequence fragment corresponds to a sequence
that can be recognized and/or digested using the Bam-HI restriction enzyme. The BamHI-W
sequence can refer to the sequence 5’-GGATCC-3’.

[00141] The terms “cancer” or “tumor” can refer to an 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 can be defined as “benign” or “malignant” depending on the following characteristics:
degree of cellular differentiation including morphology and functionality, rate of growth, local
invasion and metastasis. A “benign” tumor can be well differentiated, have characteristically
slower growth than a malignant tumor and remain localized to the site of origin. In addition, in
some cases a benign tumor does not have the capacity to infiltrate, invade or metastasize to
distant sites. A “malignant” tumor can be a poorly differentiated (anaplasia), have
characteristically rapid growth accompanied by progressive infiltration, invasion, and
destruction of the surrounding tissue. Furthermore, a malignant tumor can have the capacity to
metastasize to distant sites.

[00142] The term “level of cancer” can refer to whether cancer exists (i.e., presence or
absence), a stage of a cancer, a size of tumor, presence or absence of metastasis, the total tumor
burden of the body, and/or other measure of a severity of a cancer (e.g., recurrence of cancer).
The level of cancer can be a number or other indicia, such as symbols, alphabet letters, and
colors. The level can be zero. The level of cancer can also include premalignant or
precancerous conditions (states) associated with mutations or a number of mutations. The level
of cancer can be used in various ways. For example, screening can check if cancer is present in
someone who is not known previously to have cancer. Assessment can investigate someone who
has been diagnosed with cancer to monitor 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 dying of cancer, or the chance of the cancer progressing
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after a specific duration or time, or the chance of cancer metastasizing. Detection can comprise
‘screening’ or can comprise checking if someone, with suggestive features of cancer (e.g.,
symptoms or other positive tests), has cancer. A “level of pathology” can refer to level of
pathology associated with a pathogen, where the level 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.

[00143] The term “assay” can refer to a technique for determining a property of a substance,
e.g., a nucleic acid, a protein, a cell, a tissue, or an organ. An assay (e.g., a first assay or a
second assay) can comprise a technique for determining the copy number variation of nucleic
acids in a sample, the methylation status of nucleic acids in a sample, the fragment size
distribution of nucleic acids in a sample, the mutational status of nucleic acids in a sample, or
the fragmentation pattern of nucleic acids in a sample. Any assay known to a person having
ordinary skill in the art can be used to detect any of the properties of nucleic acids mentioned
herein. Properties of a nucleic acids can include a sequence, genomic identity, copy number,
methylation state at one or more nucleotide positions, size of the nucleic acid, presence or
absence of a mutation in the nucleic acid at one or more nucleotide positions, and pattern of
fragmentation of a nucleic acid (e.g., the nucleotide position(s) at which a nucleic acid
fragments). An assay or method can have a particular sensitivity and/or specificity, and their
relative usefulness as a diagnostic tool can be measured using ROC-AUC statistics.

[00144] “Cancer-associated changes” or “cancer-specific changes” can include cancer-derived
mutations (including single nucleotide mutations, deletions or insertions of nucleotides,
deletions of genetic or chromosomal segments, translocations, inversions), amplification of
genes, virus-associated sequences (e.g., viral episomes, viral insertions, viral DNA that is
infected into a cell and subsequently released by the cell, and circulating or cell-free viral DNA),
aberrant methylation profiles or tumor-specific methylation signatures, aberrant cell-free nucleic
acid (e.g., DNA) size profiles, aberrant histone modification marks and other epigenetic
modifications, and locations of the ends of cell-free DNA fragments that are cancer-associated
or cancer-specific.

[00145] The term “random sequencing,” as used herein can refer to sequencing whereby
nucleic acid fragments sequenced have not been specifically identified or predetermined before
the sequencing procedure. Sequence-specific primers to target specific gene loci are not
required. In some embodiments, adapters are added to the end of a nucleic acid fragment, and
primers for sequencing are attached (e.g., hybridized) to the adapters. Thus, any fragment can be
sequenced with the same primer, e.g., that attaches to a same universal adapter, and thus the

sequencing can be random. Massively parallel sequencing can include using random sequencing.
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[00146] A “sequence read” (or “sequencing read”) can refer to sequence information
corresponding to a nucleic acid molecule (e.g., a string of nucleotides). For example, a sequence
read can correspond to a string of nucleotides (e.g., about 20 to about150) from part of a nucleic
acid fragment, can correspond to a string of nucleotides at one or both ends of a nucleic acid
fragment, or can correspond to nucleotides of the entire nucleic acid fragment. A sequence read
can be obtained in a variety of ways, e.g., using sequencing techniques or using probes, e.g., in
hybridization arrays or capture probes, or amplification techniques, such as the polymerase
chain reaction (PCR) or linear amplification using a single primer or isothermal amplification.
[00147] The term “sequencing depth” can refer to the number of times a locus is covered by a
sequence read aligned to the locus. The locus can be as small as a nucleotide, or as large as a
chromosome arm, or as large as an entire genome. Sequencing depth can be expressed as “Yx”,
e.g., 50x, 100x, etc., where “Y” 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 whole genome, in which case
Y can refer to the mean number of times a loci or a haploid genome, or a whole genome,
respectively, is sequenced. When a mean depth is quoted, the actual depth for different loci
included in the dataset can span over a range of values. Ultra-deep sequencing can refer to at
least 100x in sequencing depth at a locus.

[00148] The term “sequencing breadth” can refer to what fraction of a particular reference
genome (e.g., human reference genome) or part of the genome has been analyzed. The
denominator of the fraction can be a repeat-masked genome, and thus 100% can correspond to
all of the reference genome minus the masked parts. A repeat-masked genome can refer to a
genome in which sequence repeats are masked (e.g., sequence reads align to unmasked portions
of the genome). Any parts of a genome can be masked, and thus one can focus on any particular
part of a reference genome. Broad sequencing can refer to sequencing and analyzing at least
0.1% of the genome.

[00149] A “methylome” can be a measure of an amount of DNA methylation at a plurality of
sites or loci in a genome. The methylome can correspond to all of a genome, a substantial part of
a genome, or relatively small portion(s) of a genome. A "tumor methylome" can be a
methylome of a tumor of a subject (e.g., a human). A tumor methylome can be determined
using tumor tissue or cell-free tumor DNA in plasma. A tumor methylome can be one
example of a methylome of interest. A methylome of interest can be a methylome of an organ
that can contribute nucleic acid, e.g., DNA into a bodily fluid (e.g., a methylome of brain cells, a
bone, lungs, heart, muscles, kidneys, etc.). The organ can be a transplanted organ.

[00150] A "plasma methylome" can be the methylome determined from plasma or serum of an

animal (e.g., a human). A plasma methylome can be an example of a cell-free methylome since
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plasma and serum can include cell-free DNA. A plasma methylome can be an example of a
mixed methylome since it can be a mixture of tumor/patient methylome. A "cellular
methylome" can be a methylome determined from cells (e.g., blood cells or tumor cells) of a
subject, e.g., a patient. A methylome of blood cells can be called a blood cell methylome (or
blood methylome).

[00151] The “methylation index” for each genomic site (e.g., a CpG site) can refer to the
proportion of sequence reads showing methylation at the site over the total number of reads
covering that site. The “methylation density” of a region can be the number of reads at sites
within a region showing methylation divided by the total number of reads covering the sites in
the region. The sites can have specific characteristics, (e.g., the sites can be CpG sites). The
"CpG methylation density" of a region can be the number of reads showing CpG methylation
divided by the total number of reads covering CpG sites in the region (e.g., a particular CpG
site, CpG sites within a CpG island, or a larger region). For example, the methylation density
for each 100-kb bin in the human genome can be determined from the total number of
unconverted cytosines (which can correspond to methylated cytosine) at CpG sites as a
proportion of all CpG sites covered by sequence reads mapped to the 100-kb region. This
analysis can also be performed for other bin sizes, e.g., 50-kb or 1-Mb, etc. A region can be an
entire genome or a chromosome or part of a chromosome (e.g., a chromosomal arm). A
methylation index of a CpG site can be the same as the methylation density for a region when
the region only includes that CpG site. The “proportion of methylated cytosines” can refer the
number of cytosine sites, "C's," that are shown to be methylated (for example unconverted after
bisulfite conversion) over the total number of analyzed cytosine residues, i.e., including
cytosines outside of the CpG context, in the region. The methylation index, methylation density
and proportion of methylated cytosines are examples of “methylation levels.”

[00152] A “methylation profile” (also called methylation status) can include information
related to DNA methylation for a region. Information related to DNA methylation can include a
methylation index of a CpG site, a methylation density of CpG sites in a region, a distribution
of CpG sites over a contiguous region, a pattern or level of methylation for each individual CpG
site within a region that contains more than one CpG site, and non-CpG methylation. A
methylation profile of a substantial part of the genome can be considered equivalent to the
methylome. "DNA methylation" in mammalian genomes can refer to the addition of a methyl
group to position 5 of the heterocyclic ring of cytosine (i.e., to produce S-methylcytosine)
among CpG dinucleotides. Methylation of cytosine can occur in cytosines in other sequence

contexts, for example 5’-CHG-3" and 5’-CHH-3’, where H is adenine, cytosine or thymine.
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Cytosine methylation can also be in the form of 5-hydroxymethylcytosine. Methylation of DNA
can include methylation of non-cytosine nucleotides, such as N6-methyladenine.

[00153] The terms “size profile” and “size distribution” can relate to the sizes of DNA
fragments in a biological sample. A size profile can be a histogram that provides a distribution
of an amount 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 can be the percentage of DNA fragment of a particular size or range of sizes relative
to all DNA fragments or relative to DNA fragments of another size or range.

[00154] 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 can depend in part on
how the value is measured or determined, i.e., the limitations of the measurement system. For
example, “about” can mean within 1 or more than 1 standard deviation, per the practice in the
art. “About” can mean a range of +20%, £10%, £5%, or +1% of a given value. The term “about”
or “approximately” can mean within an order of magnitude, within 5-fold, or within 2-fold, of a
value. Where particular values are described in the application and claims, unless otherwise
stated the term “about” meaning within an acceptable error range for the particular value should
be assumed. The term “about” can have the meaning as commonly understood by one of
ordinary skill in the art. The term “about” can refer to £10%. The term “about” can refer to +5%.
[00155] An “informative cancer DNA fragment” or an “informative DNA fragment” can
correspond to a DNA fragment bearing or carrying any one or more of the cancer-associated or
cancer-specific change or mutation, or a particular ending-motif (e.g., a number of nucleotides at
each end of the DNA fragment having a particular sequence).

[00156] 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.e., at the
extremities, 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
DNA molecule, both can correspond to an ending position. In some cases, one end position is
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, e.g., 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. In some cases, such in vitro techniques can alter the true in vivo physical
end(s) of the cell-free DNA molecules. Thus, each detectable end can represent the biologically
true end or the end 1s one or more nucleotides inwards or one or more nucleotides extended from

the original end of the molecule e.g., 5* blunting and 3’ filling of overhangs of non-blunt-ended
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double stranded DNA molecules by the Klenow fragment. The genomic identity or genomic
coordinate of the end position can be derived from results of alignment of sequence reads to a
human reference genome, e.g., hgl9. It can be derived from a catalog of indices or codes that
represent the original coordinates of the human genome. It can refer to a position or nucleotide
identity on a cell-free DNA molecule that is read by but not limited to target-specific probes,
mini-sequencing, DNA amplification. The term “genomic position” can refer to a nucleotide
position in a polynucleotide (e.g., a gene, a plasmid, a nucleic acid fragment, a viral DNA
fragment). The term “genomic position” is not limited to nucleotide positions within a genome
(e.g., the haploid set of chromosomes in a gamete or microorganism, or in each cell of a
multicellular organism).

[00157] A “preferred end” (or “recurrent ending position”) can refer to an end that is more
highly represented or prevalent (e.g., as measured by a rate) in a biological sample having a
physiological or pathological (disease) state (e.g., cancer) than a biological sample not having
such a state or than at different time points or stages of the same pathological or physiological
state, e.g., before or after treatment. A preferred end can have an increased likelihood 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 likelihood ratio 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 likelihood ratios include but are not limited to
1.1,12,13,14,15,1.6,18,2.0,2.5,3.0,3.5,40,4.5,5,6,8, 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 in a relevant
physiological or disease state can be higher, such preferred ending positions can be seen in more
than one individual with that same physiological or disease state. With the increased probability,
more than one cell-free 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 can also referred to as the
“frequent ending positions.” A quantitative threshold generally requires that ends be detected at
least multiple times (e.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 physiological state can include a
state when a person is healthy, disease-free, or free from a disease of interest. Similarly, a

“preferred ending window” can correspond to a contiguous set of preferred ending positions.
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[00158] A “relative abundance” can 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
coordinates / ending positions, or aligning to a particular region of the genome) to a second
amount nucleic acid fragments having a particular characteristic (e.g., a specified length, ending
at one or more specified coordinates / ending positions, or aligning to a particular region of the
genome). In one example, relative abundance may refer to a ratio of the number 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, a “relative abundance” can be a type of
separation value that relates an amount (one value) of cell-free DNA molecules ending within
one window of genomic position to an amount (other value) of cell-free DNA molecules ending
within another window of genomic positions. The two windows can overlap, but can be of
different sizes. In other implementations, the two windows can not overlap. Further, the
windows can be of a width of one nucleotide, and therefore be equivalent to one genomic
position.

[00159] A “rate” of nucleic acid molecules (e.g., DNA or RNA) ending on a position can relate
to how frequently a nucleic acid molecule ends on the position. The rate can be based on a
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