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(57) Abstract: Provided herein are methods and systems for identifying
chimeric nucleic acid fragments, e.g., organism-pathogen chimeric nu-
cleic acid fragments and chromosomal rearrangement chimeric nucleic
acid fragments. Also provided herein are methods and systems relating to
determining a pathogen integration profile or a chromosomal rearrange-
ment in a biological sample and determining a classification of pathology
based at least in part on a pathogen integration profile or a chromosomal
rearrangement in a biological sample. In certain aspects of the present
disclosure, cell-free nucleic acid molecules from a biological sample are
analyzed.
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NUCLEIC ACID REARRANGEMENT AND INTEGRATION ANALYSIS

CROSS-REFERERNCE
{0001} This application claims the benefit of U.S. Provisional Application No. 62/691,890, filed

June 29, 2018, which application 13 incorporated herein by reference in its entirety.

BACKGROUND
10002] Many diseases and conditions can be associated with a chromosomal rearrangement or
integration of a pathogen {e.g., virus) nucleic acid into a host organism {e.g., human) genome.
For example, an inter- and intrachromosomal rearrangement, such as a translocation, can be
associated with cancer. Furthermore, viruses can be associated with about 20% of human cancer
cases, and about 70% of cervical cancers and precancercus cervical iesions can be caused by
infection of two human papilioma virus (HPV) types (16 and 18). Currently, for most solid
tumours, chromosomal rearrangement or pathogen integration 18 mainly detected using tumor
tissue specimen acquired through tissue biopsy, which may involve a large needle, an endoscope,
or open surgery—and can be tnvasive, risky, costly, and paintul. There is a need for improved
methods, systems, and computer readable medium for identifying chromosomal rearrangements
and nucleic acid integration events using, e.g., cell-free nucleic acid molecules from biological

samples.

SUMMARY
16603} Described herein, in one aspect, is a method of analyzing a biological sample of an
organism to determine a classification of pathology, the method comprising: {3} analyzing a
plurality of celi-free nucleic acid molecules from the biological sample to identify an organism-
pathogen chimeric nucleic acid fragment, wherein analyzing each of the plurality of cell-free
nucleic acid molecules comprises: identifying a first end of the respective cell-free nucleic acid
molecule as being from a first genome, identifying a second end of the respective cell-free
nucleic acid molecule as being from a second genome, and identifying the organism-pathogen
chimeric nucleic acid fragment when the first genome is a genome of a pathogen and the second
genome is a genome of the organism, wherein the organism and pathogen are different; and (b)
determining a classification of pathology based at least in part on the organism-pathogen
chimeric nucleic acid fragment.
18604} In some cases, the identifying the first end as being from the first genome comprises
obtaining a sequence read of the respective cell-free nucleic acid molecule and aligning at least a
portion of a first end of the sequence read to a reference genome of the pathogen. In some cases,

the identifying the second end as being from the second genome comprises obtaining a sequence
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read of the respective cell-free nucleic acid molecule and aligning at least a portion of a second
end of the sequence read to a reference genome of the organism. In some cases, the analyzing
each of the plurality of cell-free nucleic acid molecules comprises obtaining a sequence read of
the respective cell-free nucleic acid molecule and 1dentifying the organism-pathogen chimeric
nucleic acid fragment when at least a portion of a first end of the sequence read alignsto a
reference genome of a pathogen and at least a portion of a second end of the sequence read
aligns to a reference genome of the organism. In some embodiments, the method further
comprises obtaining sequence reads of the plurality of cell-free nucleic acid molecules by paired-
end sequencing, and wherein the paired-end sequencing generates a pair of sequence reads for
each of the plurality of cell-free nucleic acid molecules. In some cases, the pair of sequence
reads comprises a first sequence read of a first end of the respective cell-free nucleic acid
molecule and a second sequence read of a second end of the respective cell-free nucleic acid
molecule. In some cases, the identifying the organism-~pathogen chimeric nucleic acid fragment
comprises aligning the first sequence read, or a portion thereof, to a reference genome of a
pathogen and aligning the second sequence read, or a portion thereof, to a reference genome of
the organism. In some cases, the identifying the organism-pathogen chimeric nucleic acid
fragment comprises aligning at least 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95,
or 100 consecutive nucleotides of the first sequence read to the reference genome of the
pathogen and aligning at least 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, or 100
consecutive nucleotides of the second sequence read to the reference genome of the organism.
In some cases, the identifving the organism-pathogen chimeric nucleic acid fragment comprises
aligning at least S0 consecutive nucleotides of the first sequence read to the reference genome of
the pathogen and aligning at least 50 consecutive nucleotides of the second sequence read to the
reference genome of the organism. In some cases, the method further comprises determining a
pathogen integration index based on an amount of organism-pathogen chimeric nucleic acid
fragments from the biological sample; and determining the classification of the pathology based
at least 1o part on the pathogen integration index. In some cases, the determining the pathogen
integration index comprises determining an amount of the plurality of cell-free nucleic molecules
that comprise a first end from the genome of the pathogen and a second end from the genome of
the pathogen. In some cases, the determining the pathogen integration index comprises
comparing the amount of the organism-pathogen chimeric nucleic acid fragments to an amount
of the plurality of celi-free nucleic acid molecules comprising a first end from the genome of the
pathogen and a second end from the genome of the pathogen. In some cases, the comparing
comprises determining a ratio of the armount of the organism-pathogen chimeric nucleic acid

fragments to the amount of the plurality of cell-free nucleic acid molecules comprising a first end
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from the genome of the pathogen and a second end from the genome of the pathogen. In some
cases, the identifying the organism-pathogen chimeric nucleic acid fragment further comprises
analyzing amplification reactions of the plurality of cell-free nucleic acid molecules from the
biological sample. In some cases, the amplification reactions comprise a first primer
complementary to a first target sequence in the genome of the pathogen and a second primer
complementary to a second target sequence in the genome of the organism. In some cases, the
amplification reactions comprise polymerase chain reaction (PCR). In some cases, the method
further comprises analyzing sequences of amplicons generated by the amplification reactions. In
some cases, the pathogen comprises a virus. In some cases, the virus comprises Epstein-Barr
Virus DNA, human papillomavirus DNA, Hepatitis B Virus DNA, Hepatitis C Virus nucleic
acids, or fragments thereof. In some cases, the virus 1s human papillomavirus. In some cases,
the classification of pathology comprises a presence of a cancer. In some cases, the cancer is
selected from the group consisting of bladder cancer, bone cancer, a brain tumor, breast cancer,
carcinoma of cervix, colorectal cancer, esophageal cancer, gastrointestinal cancer, hematopoietic
malignancy, head and neck squamous cell carcinoma, 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 cases, the
classification of pathology comprises a type of cancer. In some cases, the type of cancer
comprises carcinoma of cervix or head and neck squamous cell carcinoma. In some cases, the
plurality of celi-free nucleic acid molecules comprise deoxyribonucleic acid molecules. In some
cases, the organism is an animal. In some cases, the animal is a mammal. In some cases, the
mammal 15 a human. In some cases, the biological sample is plasma, serum, or urine. In some
cases, the biological sample is plasma. In some cases, the analyzing the plurality of cell-free
nucleic acid molecules from the biological sample is performed by a computer system.

[0005] Described herein, in one aspect, is a method of identitfying an organism-pathogen
chimeric cell-free nucleic fragment from a biological sample of an organism, the method
comprising: {a) determining a first end of a cell-free nucleic acid molecule as being from a first
genome and a second end of the cell-free nucleic acid molecule as being from a second genome;
and (b) identifying the organism-pathogen celi-free nucleic acid fragment when the first genome
is a genome of a pathogen and the second genome is a genome of the organism, wherein the
organism and pathogen are different.

18686} In some cases, the determining the first end as being from the first genome comprises
obtaining a sequence read of the cell-free nucleic acid molecule and aligning at least a portion of
a first end of the sequence read to a reference genome of the pathogen. In some cases, the

determining the second end as being from the second genome comprises obtaining a sequence
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read of the cell-free nucleic acid molecule and aligning at least a portion of a second end of the
sequence read to a reference genome of the organism.  In some cases, the method turther
comprises obtaining a sequence read of the cell-free nucleic acid molecule and identifying the
organism-pathogen chimeric nucleic acid fragment when at least a portion of a first end of the
sequence read aligns to a reference genome of a pathogen and at least a portion of a second end
of the sequence read aligns to a reference genome of the organism. In some cases, the method
further comprises obtaining sequence reads of the cell-free nucleic acid molecule by paired-end
sequencing, and wherein the paired-end sequencing generates a pair of sequence reads for the of
cell-free nucleic acid molecule. In some cases, the pair of sequence reads comprises a first
sequence read of a first end of the cell-free nucleic acid molecule and a second sequence read of
a second end of the cell-free nucleic acid molecule. In some cases, the identifying the organism-
pathogen chimeric nucleic acid fragment comprises aligning the first sequence read, or a portion
thereof, to a reference genome of the pathogen and aligning the second sequence read, or a
portion thereof, 1o a reference genome of the organism. In some cases, the identifying the
organism-pathogen chimeric nucleic acid fragment comprises aligning at least 20, 25, 30, 35, 40,
45, 50, 55, 60, 65, 70, 75, 80, 853, 90, 95, or 100 consecutive nucleotides of the first sequence
read to the reference genome of the pathogen and aligning at least 20, 25, 30, 35, 40, 45, 50, 55,
60, 65, 70, 75, 80, 85, 90, 95, or 100 consecutive nucleotides of the second sequence read to the
reference genome of the organism. In some cases, the identifying the organism-pathogen
chiroeric nucleic acid fragment comprises aligning at least 50 consecutive nucleotides of the first
sequence read to the reference genome of the pathogen and aligning at least 50 consecutive
rucleotides of the second sequence read to the reference genome of the organism. In some
cases, the identifving the organism-pathogen chimeric nucleic acid fragment further comprises
analyzing amplification reactions of the cell-free nucleic acid molecules from the biological
sample. In some cases, the amplification reactions comprise a first primer complementary to a
first target sequence in the genome of the pathogen and a second primer complementary to a
second target sequence in the genome of the organism. In some cases, the amplification
reactions comprise polymerase chain reaction (PCR). In some cases, the method further
comprises analyzing sequences of amplicons generated by the amplification reactions. In some
cases, the pathogen comprises a virus. In some cases, the virus comprises Epstein-Barr Virus
DNA, human papiliomavirus DNA, Hepatitis B Virus DNA, Hepatitis C Virus nucleic acids, or
fragments thereof. In some cases, the virus ts human papilfomavirus. In some cases, the cell-
free nucleic acid molecule is deoxyribonucleic acid. In some cases, the organism 1s an animal.
In some cases, the animal 13 a mammal. In some cases, the mammal i3 a human. In some cases,

the biclogical sample is plasma, serum, or urine. In some cases, the biclogical sample is plasma.
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In some cases, the determining the first end of the cell-free nucleic acid molecule as being from
the first genome and the second end of the cell-free nucleic acid molecule as being from the
second genome is performed by a computer systen.
{0007} Described herein, in one aspect, 138 a method of analyzing cell-free nucleic acid rolecules
from a biological sample of an organism to determine a type of pathology, the method
comprising: {a) analyzing cell-free nucleic acid molecules from the biological sample to
determine a pathogen integration profile, the pathogen integration profile comprising a position
of a breakpoint in a genome of a pathogen that integrates in a genome of the orgarism; and (b)
determining the type of pathology based on the pathogen integration profile.
{0008] In some cases, the pathogen integration profile 1s determined by detecting an organism-
pathogen chimeric nucleic acid fragment 1n a cell-free nucleic acid molecule from the biological
sample when the cell-free nucleic acid molecule comprises genomic sequence from the pathogen
and genomic sequence from the organism. In sore cases, the detecting comprises identifying a
first end of the cell-free nucleic acid molecule as being from a genome of the pathogen, and
identifying a second end of the cell-free nucleic acid molecule as being from a genome of the
organism. In some cases, the detecting comprises obtaining sequence reads from the cell-free
nucleic acid molecules from the biological sample, and analyzing the sequence reads to detect
the organism-pathogen chimeric nucleic acid fragrent. In some cases, the sequence reads are
obtained by paired-end sequencing of the celi-free nucleic acid molecules, and wherein the
paired-end sequencing generates a pair of sequences reads for each of the cell-free nucleic acid
molecules. In some cases, the pair of sequence reads comprises a first sequence read of a first
end of the respective cell-free nucleic acid molecule and a second sequence read of a second end
of the respective cell-free nucleic acid molecule. In some cases, the detecting the organism-
pathogen chimeric nucleic acid fragment comprises aligning at least 20, 25, 30, 35, 40, 45, 50,
55, 60, 65, 70, 75, 80, 85, 90, 95, or 100 consecutive nucleotides of the first sequence read to a
reference genome of the pathogen and aligning at least 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70,
75, 80, 85, 90, 95, or 100 consecutive nucleotides of a second sequence read to a reference
genome of the organism. In some cases, the determining the pathogen integration profile further
comprises: determining a pathogen integration index based on an amouunt of organism-pathogen
chimeric nucleic acid fragments. In some cases, the detecting the organism-pathogen chimeric
rucleic acid fragment comprises analyzing amplification reactions of the cell-free nucleic acid
molecules from the biclogical sample. In some cases, the amplification reactions comprise a
first primer complementary to a first target sequence in the genome of the pathogen, and a
second primer complementary to a second target sequence in the genome of the organism. In
some cases, the amplification reactions comprise polymerase chain reaction (PCR). In some
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cases, the method further comprises analyzing sequences of amplicons generated by the
amplification reactions. In some cases, the pathogen comprises a virus. Io some cases, the virus
comprises Epstein-Barr Virus DNA, human papillomavirus DNA, Hepatitis B Virus DNA,
Hepatitis C Virus nucleic acids, or fragments thereof. T some cases, the virus 1s human
papillomavirus. In some cases, the classification of pathology comprises a type of cancer. In
some cases, the type of cancer comprises carcinoma of cervix or head and neck squamous cell
carcinoma. In some cases, the cell-free nucleic acid molecules comprise deoxyribonucleic acid
molecules. In some cases, the organism is an animal. In some cases, the animal is a mammal.
In some cases, the mammal is a human. In some cases, the biological sample is plasma, serum,
or urine. In some cases, the biological sample is plasma. In some cases, the analyzing the celi-
free nucleic acid molecules 13 performed by a computer system.

{6009} Described herein, in one aspect, is a method of analyzing cell-free nucleic acid molecules
from a biological sample of an organism to determine a pathogen integration profile, the method
comprising analyzing cell-free nucleic acid molecules from the biological sample to determine a
pathogen integration profile, the pathogen integration profile comprising a position of an
integration breakpoint in a genome of a pathogen that integrates in a genome of the organism.
100610} In some cases, the pathogen integration profile is determined by detecting an organism-
pathogen chimeric nucleic acid fragment in a cell-free nucleic acid molecule from the biological
sample when the cell-free nucleic acid molecule comprises genomic sequence from the pathogen
and genomic sequence from the organisth. In some cases, the detecting comprises identifying a
first end of the cell-free nucleic acid molecule as being trom a genome of the pathogen, and
identifying a second end of the cell-free nucleic acid molecule as being from a genome of the
organism. In some cases, the detecting comprises obtaining sequence reads from the cell-free
nucleic acid molecules from the biological sample, and analyzing the sequence reads to detect
the organtism-pathogen chimeric nucleic acid fragment. In some cases, the sequence reads are
obtained by paired-end sequencing of the cell-free nucleic acid molecules, and wherein the
patred-end sequencing generates a pair of sequences reads for each of the cell-free nucleic acid
molecules. In some cases, the pair of sequence reads comprises a first sequence read of a first
end of the respective cell-free nucleic acid molecule and a second sequence read of a second end
of the respective celi-free nucleic acid molecule. In some cases, the detecting the organism-
pathogen chimeric nucleic acid fragment comprises aligning at least 20, 25, 30, 35, 40, 45, 50,
55, 60, 65, 70, 75, 80, 85, 90, 95, or 100 consecutive nuclectides of the first sequence read to a
reference genome of the pathogen and aligning at least 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70,
75, 80, 85, 90, 95, or 100 consecutive mucleotides of a second sequence read to a reference

genome of the organism. In some cases, the determining the pathogen integration profile further
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comprises: determining a pathogen integration index based on an amount of organism-pathogen
chimeric nucleic acid fragments. In some cases, the detecting the orgamism-pathogen chimeric
nucleic acid fragment comprises analyzing amplification reactions of the cell-free nucleic acid
molecules from the biological sample. Tn some cases, the amplification reactions comprise a
first primer complementary to a first target sequence in the genome of the pathogen, and a
second primer complementary to a second target sequence in the genome of the organism. In
some cases, the amplification reactions comprise polymerase chain reaction {PCR). In some
cases, the method further comprises analyzing sequences of amplicons generated by the
amplification reactions. In some cases, the pathogen comprises a virus. In some cases, the virus
comprises Epstein-Bar Virus DNA, human papillomavirus DNA, Hepatitis B Virus DNA,
Hepatitis C Virus nucleic acids, or fragments thereof. In some cases, the virus is human
papillomavirus. In some cases, the cell-free nucleic acid molecules comprise deoxyribonucleic
acid molecules. In some cases, the organism is an animal. o some cases, the animal 13 a
mammal. In some cases, the mammal is a human. In some cases, the biclogical sample is
plasma, serum, or urine. In some cases, the biological sample 1s plasma. In some cases, the
analyzing the cell-free nucleic acid molecules is performed by a computer system. In some
cases, the analyzing comprises sequencing the cell-free nucleic acid molecules. In some cases,
the analyzing comprises: identifying sequence reads of cell-free nucleic acid molecules from the
biological sample comprising a same potential integration breakpoint; and detecting the
integration breakpoint based on the sequence reads. In some cases, the detecting the integration
breakpoint based on the sequence reads comprises: assessing a variability in lengths of sequences
of each of the sequence reads aligning to a genomic region flanking the potential integration
breakpotnt; and based on the assessing, detecting the integration breakpoint in the organism. In
some cases, the analyzing comprises: identifying sequence read pairs of cell-free nucleic acid
molecules from the biological sample comprising a same potential integration breakpoint; and
detecting the integration breakpoint based on the sequence read pairs. In some cases, the
detecting the integration breakpoint based on the sequence read pairs comprises: determining a

strand orientation of a first sequence read and a second sequence read of each of the sequence

read and the second sequence read inconsistent with a strand orientation of the first sequence
read and the second sequence read of a majority of the sequence read pairs; and after the filtering
out, detecting the integration breakpoint based on the sequence read pairs.

18011} In some cases, the detecting the integration breakpoint based on the sequence read pairs
comprises: assessing a variability in lengths of sequences of sequence reads of the sequence read

pairs aligning to a genomic region flanking the potential integration breakpoint; and based on the
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assessing, detecting the integration breakpoint. In some cases, the identitying the sequence read
pairs corprises: identifying orgamsm-pathogen chimeric sequence read pairs generated from
paired-end sequencing of the cell-free nucleic acid molecules from the biological sample that
comprise a first sequence read aligning to a reference genome of the organism and a second
sequence read aligning to a reference genome of the pathogen, thereby identifying Type A
organism-pathogen chimeric sequence read pairs; grouping, from the Type A organism-pathogen
chimeric sequence read pairs, Type A organism-pathogen chimeric sequence read pairs
comprising first sequence reads that are overlapping or separated within a predetermined
distance in the reference genome of the organism, and second sequence reads that are
overlapping or separated within a predetermined distance in the reference genome of the
pathogen, thereby 1identifying an organism-pathogen candidate integration region in the reference
genomes of the organism and the pathogen; and identifying organism-pathogen chimeric
sequence read pairs generated from paired-end sequencing of the cell-free nucleic acid molecules
from the biological sample that comprise a first sequence read aligning to the organism-pathogen
candidate integration region and a second sequence read comprising a first sequence aligning to
the reference genome of the organtism and a second sequence aligning to the reference genome of
the pathogen, thereby identifying Type B organism-pathogen chimeric sequence read pairs. In
some cases, the predetermined distance 1s at most 10, at most 50, at most 75, at most 100, at

most 120, at most 150, at most 173, at most 200, at most 225, at most 250, at most 275, at most

300at most 325, at most 350, af most 375, at most 400, at most 425, at most 450, at most 475, or
at most 500 bases. In some cases, in the organism-pathogen candidate integration region, there
are at least 3, 4. 5, 6, 7, 8, ©. 10, 11, 12, 15, 20, 50, 100, 200, 1000, 10,000, 50,000, 100,000, or
more Type A organism-pathogen chimeric sequence read pairs. In some cases, the detecting the
integration breakpoint comprises: determining a strand orientation of the first sequence read and
the second sequence read of each of the Type A organism-pathogen chimeric sequence read pairs
and the Type B organism-pathogen chimeric sequence read pairs; filtering out, from the Type B
organism-pathogen chimeric sequence read pairs, Type B organism-pathogen chimeric sequence
read pairs that have a strand orientation of the first sequence read and the second sequence read
inconsistent with the strand orientation of the first sequence read and the second sequence read
of a majority of the Type A organism-pathogen chimeric sequence read pairs within the
organism-pathogen candidate integration region; and after the filtering out, detecting the
integration breakpoint based on the Type B organism-pathogen chimeric sequence read pairs. In
some cases, the detecting the integration breakpoint comprises: determining a Diversity Score for

the Type B organism-pathogen chimeric sequence read pairs; wherein the Diversity Score is
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oi+ o2 . . .. - -
calculated ag =~ wherein ¢l is a standard deviation of lengths of the first sequences of the
max{—,—
o201

Type B organism-pathogen chimeric sequence read pairs aligning to the reference genome of the
organism, and wherein 02 1s a standard deviation of lengths of the second sequences of the Type
B organism-pathogen chimeric sequence read pairs aligning to the reference genome of the
pathogen; and detecting the integration breakpoint based on the Type B organism-pathogen
chimeric sequence read pairs, if the Diversity Score is equal to or higher thao a predetermined
cutoff value. In some cases, the predetermined cutoft value s at least 1, at least 1.6, at least 2.0,
atleast 2.4, atleast 2.8, at least 3.0, at least 3 4, at least 3.8, atleast 4.0, at least 4.2, at least 4.4,
at least 4.6, at least 4.8, at least 5.0, at least 5.4, at least 5.8, atleast 6.0, at least 6.5, at least 7.0,
at least 8, at least 9, at least 10, at least 20, at least 50, or at least 100

18612} Described herein, in one aspect, i3 a method of analyzing a biological sample of an
organism to detect a chromosomal rearrangement, the method comprising: identifying sequence
reads of cell-free nucletc acid molecules from the biclogical sample comprising sequence of a
same potential chromosomal rearrangement; assessing a variability in lengths of sequences of
each of the sequence reads aligning to a genomic region flanking the potential chromosomal
rearrangement; and based on the assessing, detecting the chromosomal rearrangement in the
Organism.

{6013} In some cases, the organism is a human. In some cases, the chromosomal rearrangement
comprises a chromosome translocation, chromosome deletion, chromosome inversion, or
chromosome amplification. In some cases, the identifying the sequence reads comprises:
identitying chromosomal chimeric sequence read pairs generated from paired-end sequencing of
the cell-free nucleic acid molecules from the biological samples and comprising a sequence read
comprising the potential chromosomal rearrangement. In some cases, the identifying the
chromosomal chimeric sequence read pairs comprises: identifying chromosomal chimeric
sequence read pairs generated from the paired-end sequencing that comprise a first sequence
read aligning to a first genomic region of a reference genome of the organism, and a second
sequence read aligning 1o a second genomic region of the reference genome, thereby identifying
Type A chromosomal chimeric sequence read pairs, wherein a relative positioning of the first
genomic region and second genomic region in the reference genome is indicative of the potential
chromosomal rearrangement; grouping, from the Type A chromosomal chimeric sequence read
pairs, Type A chromosomal chimeric sequence read pairs comprising first sequence reads that
are overlapping or separated within a predetermined distance in the first genomic region and
comprising second sequence reads that are overlapping or separated within a predetermined

distance in the second genomic region, thereby identitying a candidate rearrangement region in
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the first genomic region and the second genomic region; and identifying chromosomal chimeric
sequence read pairs generated from the paired-end sequencing that corprise a first sequence
read aligning to the candidate integration region and a second sequence read comprising a first
sequence aligning to the first genomic region and a second sequence aligning to the second
genomic region, thereby identifving Type B chromosomal chimeric sequence read pairs. In
some cases, the assessing the variability comprises: determining a Diversity Score for the Type B

chromosomal chimeric sequence read pairs, wherein the Diversity Score s calculated as

;g—i——-—:é-ﬁ-éz: wherein o1 is a standard deviation of lengths of the first sequences of the Type B
“ro2’o1’
chromosomal chimeric sequence read pairs aligning to the first genomic region, and wherein o2
is a standard deviation of lengths of the first sequences of the Type B chromosomal chimeric
sequence read pairs aligning to the second genomic region. In some cases, the detecting the
chromosomal rearrangement comprises detecting the chromosomal rearrangement based on the
Type B chromosomal chimeric sequence read pairs, if the Diversity Score ts equal to or higher
than a predetermined cutoff value. In some cases, the predetermined cutoff value is at least 1, at
feast 1.6, at least 2.0, at least 2.4, at least 2.8, at least 3.0, at least 3.4, at least 3.8, at least 4.0, at
least 4.2, at least 4.4, at least 4.6, at least 4.8, at least 5.0, at least 5.4, at least 5.8, at least 6.0, at
least 6.5, at least 7.0, at least §, at least 9, at least 10, at least 20, at least SO, or at least 100, In
some cases, a distance between the first genomic region and the second genomic region 1s at
least 140 bases, at least 180 bases, at least 250 bases, at least 350 bases, at least 450 bases, at
feast 550 bases, at least 750 bases, at least 900 bases, at feast 1100 bases, at least 1250 bases, at
least 1800 bases, at least 2500 bases, at least 3500 bases, at least 5500 bases, at least 7500 bases,
at least 9000 bases, or at feast 10" bases. In some cases, a relative 5 to 3’ relationship of the first
genomic region and the second genomic region in the reference genome is opposite to a relative
$7 to 37 relationship of the first sequence read and the second sequence read in the respective
cell-free nucleic acid molecule of each of the Type A chromosomal chimeric sequence read
pairs.

{00614] Described heretn, in one aspect, is a method of analyzing a biclogical sample of an
organism to detect a chromosomal rearrangement, the method comprising: identifying sequence
read pairs of cell-free nucleic acid molecules from the biclogical sample comprising a same
potential chromosomal rearrangement; determining a strand orientation of a first sequence read
and a second sequence read of each of the sequence read pairs; filtering out 4 sequence read pair
comprising a strand orientation of the first sequence read and the second sequence read

mconsistent with a strand orientation of the first sequence read and the second sequence read of a

-10-



WO 2020/006370 PCT/US2019/039750
majority of the sequence read pairs; and after the filtering out, detecting the chromosomal
rearrangernent in the organisro based on the sequence read pairs.

{0015} In some cases, the organism is a human. In some cases, the chromosomal rearrangement
comprises a chromosome translocation, chromosome deletion, chromosome inversion, or
chromosome amplification. In some cases, the identifying the sequence read pairs comprises:
identifying chromosomal chimeric sequence read pairs generated trom paired-end sequencing of
the cell-free nucleic acid molecules from the biological sample that comprise a first sequence
read aligning to a first genomic region of a reference genome of the organism, and a second
sequence read aligning to a second genomic region of the reference genome, thereby identifving
Type A chromosomal chimeric sequence read pairs, wherein a relative positioning of the first
genomic region and second genomic region in the reference genome 18 indicative of the potential
chromosomal rearrangement; grouping, from the Type A chromosomal chimeric sequence read
pairs, Type A chromosomal chimeric sequence read pairs comprising first sequence reads that
are overlapping or separated within a predetermined distance in the first genomic region, and
second sequence reads that are overlapping or separated within a predetermined distance in the
second genomic region, thereby identifying a candidate rearrangement region in the first
genomic region and the second genomic region; and identifying chromosomal chimeric sequence
read pairs generated from paired-end sequencing of the cell-free nucleic acid molecules from the
biological sample that comprise a first sequence read aligning to the candidate rearrangement
region and a second sequence read comprising a first sequence aligning to the first genomic
region and a second sequence aligning to the second genomic region, thereby identifying Type B
chromosomal chimeric sequence read pairs. In some cases, the filtering out comprises: filtering
out Type B chromosomal chimeric sequence read pairs that have a strand ortentation of the first
sequence read and the second sequence read inconsistent with the strand orientation of the first
sequence read and the second sequence read of a majority of the Type A chromosomal chimeric
sequence read pairs within the candidate rearrangement region. In some cases, a distance
between the first genomic region and the second genomic region is at least 140 bases, at least
180 bases, at least 250 bases, at least 350 bases, at least 450 bases, at least 550 bases, at least 750
bases, at ieast 900 bases, at least 1100 bases, at least 1250 bases, at least 1800 bases, at least
2500 bases, at least 3500 bases, at feast 5500 bases, at least 7500 bases, at least 9000 bases, or at
least 10" bases. In some cases, a relative 37 to 3” relationship of the first genomic region and the
second genomic region in the reference genome is opposite to a relative 5 to 37 relationship of
the first sequence read and the second sequence read in the respective cell-free nucleic acid

molecule of each of the Type A chromosomal chimeric sequence read pairs.
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{0016] Described herein, in one aspect, is a method comprising determining a classification of
pathology based at least in part on the chromosomal rearrangement that 1s determined by any
method described herein.

{00617} Described herein, in one aspect, 18 a computer system Comprising one or more processors
and a non-transitory computer readable medium comprising instructions operable, when
executed by the one or more computer processors, to cause the computer system to perform any
method described herein.

{0018} Described herein, in one aspect, is a non-transitory computer-readable medium
comprising instructions operable, when executed by one or more processors of a computer

system, to cause the computer system to perform any method described herein.

INCORPORATION BY REFERENCE
{6019} All publications, patents, and patent applications mentioned in this specification are
herein incorporated by reference to the same extent as if each individual publication, patent, or

patent application was specifically and individually indicated to be incorporated by reference.

BRIEF DESCRIPTION OF THE DRAWINGS
{0028} The novel features described heretn are set forth with particularity in the appended
claims. A better understanding of the features and advantages described herein will be obtained
by reference to the following detailed description that sets forth tllustrative embodiments, 1o
which the principles described herein are utilized, and the accompanying drawings of which:
{0021] FIG. 115 a schematic of a workflow for determining a chimeric nucleic acid fragment
comprising nucleic acid sequence from a pathogen (e.g., virus} and nucleic acid sequence from a
host organism (e.g., human).
{0022] FIG. 2 1s a schematic iHustrating pairs of sequences reads generated by paired-end
sequencing from two types of nucleic acid fragments, Type A and Type B.
{00231 FIG. 3A 15 a schematic of an exemplary workflow for human papitloma virus (HPV)
viral DNA integration analysis.
{0024] FIG. 3B 15 a schematic of an exemplary workflow for deducing a human-HPV candidate
integration region.
{0025] FIG. 4 shows a schematic and a chart demonstrating an exemplary strandedness-based
filtration process.
10026] FIG. 5 15 a schematic demonstrating candidate integration breakpoints having low (< 4)

and high (>=4} Diversity Scores.
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10027} FIG. 6 shows distribution patterns of integration breakpoints in an HPV 16 genome
deduced from human-HPV chimeric fragments from samples from patients with carcinoma of
cervix {Ca Cer) and HPV positive head and neck squamous cell carcinoma (HNSCC).

{0028} FIG. 7 shows integration index across HPV genome determined from cell-free DNA
fragments from samples of patients with carcinoma of cervix (Ca Cervix-} and HPV positive
HNSCC (HPV+veSCC).

{00629] FIG. 8 shows a computer control system that may be programmed or otherwise
configured to implement methods provided herein.

{0030} ¥1G. 9 shows a diagram of the methods and systems as disclosed herein.

18631} FIG. 10 is a diagram illustrating the workflow for the comparison of detection rate
between an exemplary algornithm and VIFT on simulation dataset.

(6032} FIG, 11 is a chart summarizing the comparison of detection rate between an exemplary
algorithm and VIFI on simulation dataset.

10033} FIG. 12 shows a table summarizing viral DNA integration analysis by an exemplary
algorithm on plasma sample from patients with cervical cancer (CaCx}, head and neck squamous
cell carcinoma (HNSCC),

16634} FIG. 13 shows a table summarizing viral DNA integration analysis by an exemplary
algorithm on tumor tissue saroples from patients with head and neck squamous cell carcinoma

(HINSCO).

DETAILED DESCRIPTION
L OVERVIEW
10035} Provided herein are methods and systems for analyzing a bioclogical sample of an
organism to identify a chimeric nucleic acid fragment comprising nucleic acid sequence from a
pathogen and nucleic acid sequence from the organism (organism-pathogen chimeric nucleic
acid fragment). The methods and systems can comprise analyzing, e.g£., by a computer system, a
plurality of nucleic acid molecules, e.g., cell-free nucleic acid (e.g., DNA) molecules from the
biological sample, e.g., plasma, to detect the chimeric nucleic acid fragment comprising nucleic
acid sequence from a pathogen and nucleic acid sequence from the organism. Analyzing each of
the plurality of nucleic acid molecules, e.g., cell-free nucleic acid (e.g., DNA) molecules can
comprise identifying a first end of the respective nucleic acid molecule, e¢.g., cell-free nucleic
acid molecule, as being from a first genome and identifying a second end of the respective
rucleic acid molecule, e.g., cell-free mucleic acid molecule, as being from a second genome. A
chimeric nucleic acid fragment comprising nucleic actd sequence from a pathogen and nucleic

acid sequence from an organism {e.g., host organism} can be detected when the first genomeisa
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genome of a pathogen (e.g., virus, e.g., human papilloma virus (HPV})) and the second genome is
a genome of the organism {e.g., human). The methods and systerns can further comprise
determining a classification of pathology {e.g., cancer) based at least in part on the chimeric
nucleic acid fragment comprising nucleic acid sequence from a pathogen (e.g., virus) and nucleic
acid sequence from an organism, e.g., host organism, e.g., human. The classification of cancer
can be a type of cancer, e.g., cervical cancer or head and neck squamous cell carcinoma.

{0036} Also provided herein are methods and systems for analyzing nucleic acid molecules, e.g.,
cell-free nucleic acid molecules, from a biological sample, e.g., plasma, e.g., by a computer
system, to determine a pathogen integration profile. The pathogen integration profile can
comprise a position of a breakpoint in a genome of a pathogen {(e.g., virus) that integrates in a
genome of the organisi, e.g., host organism, e.g., human. The methods and systems can further
comprise determining a type of pathology based on the pathogen integration profile. The type of
pathology can be, e.g., a type of cancer, e.g., cervical cancer or head and neck squamous cell
carcinoma (HNSCC), or a state of the subject associated with an increased risk of cancer, e.g.,
cervical in sifu neoplasia or cervical intraepithelial neoplasia.

{00371 Also provided herein are methods and systems for detection of a chromosomal
rearrangement. In some cases, the methods comprise analyzing nucleic acid molecules, e.g.,
cell-free nucleic acid molecules, from a biological sample, e.g., plasma, to identify a chimeric
nucleic acid fragment comprising a chromosomal rearrangement.  The methods and systems can
comprise analyzing, e.g., by a computer system, a plurality of nucleic acid molecules, e.g., cell-
free nucleic acid {e.g., DNA) molecules from the biclogical sample, e.g., plasma, to detect the
chimeric nucleic acid fragment comprising a chromosomal rearrangement. Analyzing each of
the plurality of nucleic acid molecules, e.g., celi-free nucleic acid (e.g., DNA) molecules can
comprise tdentifying a first end of the respective nucleic acid molecule, e. g, cell-free nucleic
actd molecule, as being from a first genomic region of the reference genome of the organism and
identifying a second end of the respective nucleic acid molecule, e.g., cell-free nucleic acid
molecule, as being from a second genomic region of the reference genome of the organism. A
chimeric nucleic acid fragment comprising a chromosomal rearrangement can be detected when
the relative positioning of the first and second genomic regions in the reference genome of the
organism is inconsistent with the relative positioning of the first and second ends in the
respective cell-free nucleic acid molecule. In some cases, the methods and systems as described
herein comprise analyzing the chimeric nucleic acid fragment comprising a chromosomal
rearrangerent to detect the chromosomal rearrangement. In some cases, the methods and
systems comprise determining a classification of pathology based at feast in part on the

chromosomal rearran gem ent.
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{0038] The methods provided herein can include steps for increasing a likelihood of capturing
nucleic acid fragments from cell-free samples that comprise pathogen, e.g., viral, sequence. For
example, the methods provided herein can make use of hybrnidization probes that cover a whole
pathogen {e.g., virus) genome, ot at least 99%, at least 95%, at least 90%, or at least of 85% of a
whole pathogen (e.g., virus) genome, of viruses such as human papilloma virus, e.g., HPV16,
HPV18, HPV33; Epstein Barr Virus (EBV); or hepatitis B virus (HBV); for target capture. Use
of such hybridization probes for target capture can enrich viral nucleic acid and increase the
chance of obtaining chimeric nucleic acid fragments containing both host {(e.g., human) and viral
nucleic acid for viral integration analysis.

{003%9] The methods provided herein can provide enhanced sensitivity. For example, the
methods and systems provided herein can lack steps for filtering out genomic regions {e.g.,
human genomic regions) such as repeat regions, e.g., short tandem repeats, short interspersed
nuclear element (SINE/Alu), or long terminal repeat/endogenous retroviruses (LTR/ERV 1)
Eliminating such filters can increase the sensitivity of the methods provided herein

10046} The methods provided herein can provide enhanced specificity. For example, paired-end
reads spanning host, e.g., human, and pathogen, e.g., vitus, genome can be used to build local
reference sequences that can contain the breakpoint of the pathogen (e.g., virus) integration.
Local realignment for those partially roapped paired-end reads can be used to determine the
breakpoint in the local reference sequences. Paired-end reads with compatible mapping
orientations or strand information can be used for further downstream analysis of viral
integration. Reads incompatible with alignment (because of, e.g., incompatible mapping
orientations or strand information) can be removed to reduce the artifacts caused by mapping
errors or other errors. Such analysis can also rule out those chimeric fragments derived from
cross-ligation of different molecules during nucleic acid, e.g., DNA| library preparation (see e.g.,
FIG. 4). The methods provided herein can test the compatibility of alignments of an organism-
pathogen chimeric read (1.e., a sequence read with a breakpoint between a pathogen (e.g., virus}
nucieic acid sequence and host {e.g., buman) nucleic acid) with reference to the alignment of the
majority of reads within the regions of interest. For example, if' a pathogen {e.g., virus)
integration breakpoint in a chimeric read is not compatible with the strand information present in
the majority of reads, such a pathogen {(e.g., virus} integration breakpoint can be less confidently
called.

{0041} Methods provided herein can make use of chimeric fragments distributed around
integration breakpoints that have sufticient diversity in terms of fragment lengths, fragment end
positions and relative locations of breakpoints in chimeric nucleic acid fragments (see e.g., FIG.
5). In some cases, for a particular integration breakpoint, the more diverse the fragment lengths,
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fragment end positions, and relative locations of breakpoints in chimeric fragments, the higher
the confidence of integration.

{0042] In some cases, because the viral episomal nucleic acid {e.g., DNA) can be shorter than
host {e.g., human) nucleic acid {e.g., DNA), chimeric nucleic acid fragments generated as a
result of viral nucleic acid (e.g., DNA) integration into a host (e.g., human) genome can be
expected to be longer than viral nucleic acid {e.g., DNA} derived from episomes. Thus, the mean
or median iength of chimeric nucleic acid fragments including a pathogen (e.g., vitus)
integration breakpoint can be larger than the other pathogen (e.g., virus) nucleic acid {e.g., DNA)
from episomes.

18843} Furthermore, in some cases, the methods provided herein do not include a training step
involving mathematical modeling (e.g., Hidden Markov Model) for building an ensemble of
profile of phylogenetics of available viral genomes. In some cases, the methods provided herein
do not include analysis of pathogen {e.g., virus) nucleic acid from a tissue sample. The methods
provided herein can make use of a cell-free biological sample, e.g., plasma. Nucleic acid, e.g.,
DNA, in plasma can be naturally fragmented, and fragmentation patterns can be varnied according
to the origin of plasma nucleic acid (e.g., DNA, e.g., liver DNA, viral DNA, and tumor DNA).
In some cases, the methods provided herein do not include shearing of the nucleic acids from the
cell-free biological sample before short-read sequencing.

H. WORKFLOW

16644} The systems and methods provided herein can be used to analyze celi-free nucleic acid
molecules comprising sequence from a genome of an organism, e.g., a host organism, e.g.,
human, and sequence from a genome of a pathogen {e.g., virus, e.g., HPV}. In plasma ofa
buman subject, e.g., a patient having a viral-associated malignancy, some of the cell-free nucleic
acid molecules can contain sequence of the viral genome and sequence of the human genome.
These cell-free nucleic acid molecules in the plasma can be termed chimeric nucleic acid
fragments.

{0045} FIG. 1 shows a schematic of an exemplary workflow for determuining a chimeric nucleic
acid fragment comprising sequence from a pathogen and sequence from an organism from a
biological sample of the organism. As depicted, methods provided herein for determining a
chimeric nucleic acid fragment can comprise identifying a first end of the respective celi-free
rucleic acid molecule as being from a first genome (118). The methods can further comprise
identifying a second end of the respective cell-free nucleic acid molecule as being from a second
genome (126). The methods can further comprise detecting the chimeric nucleic acid fragment
when the first genome is a genome of a pathogen and the second genome is a genome of the

organism, wherein the organism and pathogen are different (138). The nucleic acid molecule
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can be a cell-free nucleic acid molecule. The nucleic acid molecule can be from a biological
sample. A first end of the nucleic acid molecule can be a 57 or 37 end of the nucleic acid
molecule, while a second end of the nucleic acid molecule can be a 3’ or 5° end of the nucleic
acid molecule. The orgamism can be a host organism for the pathogen, e.g., a human. The
pathogen can be a virus, e.g., HPV, EBY, and HBY.
{0046} Also provided herein are methods and systems for determining a pathogen integration
profile, e.g., location of one or more pathogen integration breakpoints in a genome of a host
orgarism or a genome of a pathogen, by analyzing nucleic acid molecules from a biological
sample. As depicted in FIG. 2, in paired-end sequencing, host-organism-pathogen (e.g., human-
viral) chimeric fragments can be detected and display two different forms of sequence read pairs
{pairs of sequence reads obtained from the two ends of the same nucleic acid molecule, e.g., cell-
free DNA molecule). The two reads of a read pair from a single nucleic acid fragment in paired-
end sequencing data can be called mate reads. One type (Type A) can refer to a cell-free nucleic
acid molecule {e.g., cell-free DNA) with one sequence read at a first end that ts mappableto a
host organism reference genome (e.g., human reference genome) and another read at a second
end that ts mappable to a pathogen reference genome (e.g., virus reference genome), and vice
Versa.
{0047} In some cases, a sequence read maps to, 1s mappable to, or aligns to, a reference genome,
when the sequence read has at feast 80%, at least 85%, at least 90%, at least 95%, at least 98%,
at 99%, or 100% sequence identity or complementarity to a particular region of a reference
genome, e.g., a human reference genome, over the entire sequence read. In some cases, a
sequence read maps to, 1s mappable to, or aligns to, a reference genome, when the sequence read
has at least 80% sequence identity or complementarity to a particular region of a reference
genome, e.g., a human reference genome, over the entire sequence read. In some cases, a
sequence read maps to, 1s mappable to, or aligns to, a reference genome, when the sequence read
is identical or complementary to a particular region of a reference genome, e.g., a human
reference genome, with no more than 20, 15, 10, 9,8, 7,6, 5, 4, 3, 2, or I mismatches, or with
zero mismatches. The maximum mismatch number or percentage, or the minimum similarity
number or percentage can vary as a selection criterion depending on purposes and countexts of
application of the methods and systems provided herein. In some cases, a sequence read maps
to, is mappable to, or aligns to, a reference genome, when the sequence read is identical or
complementary to a particular region of a reference genome, e.g., a human reference genome,
with no more than 2 mismatches. The other fragment type (Type B) can refer to a celi-free
nucleic acid molecule {e.g., cell-free DNA) with part of one sequence read at a first end that s

mappable to a host organism (e.g., human} genome and the remaining part of the sequence read
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mappable to a pathogen {e.g., viral} genome (“chimeric read”), and with another sequence read
at a second end that 153 mappable to either the host organism genome or the pathogen genome.
As depicted in FIG. 2, Type B host organism-pathogen {(e.g., human-viral) chimeric fragment
sequence read pairs can have one sequence read mappable to either a host organism genome
{e.g., human genome) or a pathogen genome (e.g., viral genome), and the other sequence read
having a portion thereof mappable to the host organism (e.g., human) genome and the remaining
thereof mappable to the pathogen (e.g., viral) genome. In Type B sequence read pairs, the exact
integration breakpoint can be directly identified from the chimeric read. In one example, for
identification of Type A fragments, sequence reads can be aligned to reference genomes, e.g.,
human reference genome and viral reference genome (e.g., HPV reference genome), using
SOAP algorithm with a maximum mismatch number of two as a selection criterion. In one
example, for identification of Type B fragments, sequence reads can be aligned to reference
genomes, e.g., human reference genome and viral reference genome (e.g., HPV reference
genome), using Bowtie2 and local alignment program with a maximum mismatch number of
three as a selection criterion.

{0048} FIG. 3A shows a schematic of an exemplary workflow for analysis of pathogen {e.g.
HPV) viral DNA integration to a host organism {e.g., human) genome using cell-free DNA
fragments from plasma (318). Sequence reads of the cell-free DNA fragments from a plasma
sample can be obtained by paired-end sequencing of the cell-free DNA fragments (320). After
obtaining the sequence read pairs for both ends of the cell-free DNA fragments from a plasma
sample, Type A fragments can be identified by aligning one sequence read to a reference
genome of human and its mate read to a reference genome of HPV (330). Candidate integration
regions tn the human and HPV reference genomes can be detected by grouping chimeric
fragment sequence reads (340) with adjacent coordinates in the human and HPV reference
genomes, respectively. Type B chimeric fragment read pairs with one sequence read covering a
potential breakpoint and anocther sequence read fully mapped to a same candidate region can then
be searched for (358}, The candidate integration breakpoints can be further filtered by
determining the strandedness of Type A and Type B tfragment sequence reads and by
determining Diversity Score of the chimernc reads of Type B fragments {3698) for each candidate
integration breakpoint in order to determine the likelthood of the integration breakpoints.

A. Hentification of Organism-Pathogen Candidate Integration Region
{0049] The methods and systems provided herein can be used to determine organism-pathogen
candidate integration region in a genome of a pathogen {(e.g., virus, e.g., HPV} and 1n a genome

of a host organism {e.g., human),
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{0030} In some examples, Type A orgarism-pathogen chimeric fragments can be identified by
searching for sequence read pairs with one sequence read from a first end of the fragment
mapped to a human genome and the other sequence read from a second end of the fragment
mapped to the pathogen (e.g., virus, e.g., HPV) genome. The Type A organism-pathogen
chimeric fragment sequence reads can be used for determining candidate integration regions in
the reference genomes of host organism and pathogen, respectively. In some examples, all Type
A chimeric fragment reads can be grouped together when the chimeric fragment reads are
overlapping or are adjacent to each other in reference genomes of host and pathogen,
respectively, to identify candidate integration regions in the reference genomes of both host and
pathogen. In some examples, chimeric fragments with the same start and end outer coordinates
can be removed as they can be suspected to be PCR duplicates. In some examples, after the
removal of putative PCR duplicates, all remaining Type A chimeric fragment reads can then be
pooled together to group nucleotide coordinates that are overlapping or are adjacent to each other
in reference genomes of host and pathogen, respectively, to identify candidate integration
regions in the reference genomes of both host and pathogen. In the example as depicted in FIG.
3A, each candidate integration region on the buman genome would have one or more
corresponding integration regions on the HPV genome, and vice versa. Distance between
sequence reads can be the distance between the two closest nucleotides on the two adjacent reads
on a reference genome. Adjacent “host organism reads” (sequence reads aligning to the
reference genome of the host organism) or their corresponding adjacent “pathogen reads”
{sequence reads aligning to the reference genome of the pathogen) within a predetermined
distance in host organism and pathogen reference genomes, respectively, can then be considered
as belonging to one candidate integration region. The cutoff value for the predetermined
distance can be 300 bases as demonstrated in FIG, 3A  In one example, in one candidate
integration region, the distance between any two nearest host sequence reads or between any two
nearest pathogen sequence reads is no more than 300 bases. In one example, host sequence
reads whose distances from its nearest reads are more than 300 bases apart are not included in
the same candidate integration region. In one example, pathogen sequence reads whose
distances fror their nearest read are more than 300 bases apart are not included 1o the same
candidate integration region. In some examples, when determining a candidate integration
region, atter grouping Type A chimeric fragment reads, the boundary of the outermost Type A
fragment read(s) on the side of a candidate breakpoint can be further expanded toward the
candidate breakpoint, for example, by 100 bases, 200 bases, 300bases 400 bases, S00 bases, or
600bases, so that in some cases, the candidate integration region on the host organism reference

genome, the pathogen reference genome, or both, can cover the candidate integration breakpoint.
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The expansion as described above can be by any appropriate number of bases. FIG. 3B
illustrates an exemplary process of deducing an organisru-pathogen candidate integration region
{e.g., human-HPV candidate integration region) by merging the host organism candidate
integration region and the pathogen candidate integration region. As shown in the figure, human
candidate integration region and HPV candidate integration region can be deduced by grouping
Type A chimeric fragment reads according to their coordinates in the reference genomes of
human and HPV, respectively. In this example, the cutoff value for the predetermined distance
between any adjacent human reads or HPV reads within the same candidate integration region is
300 bases. Furthermore, for both the human and HPV candidate integration regions, the
boundaries are expanded toward the side of a candidate integration breakpoint for 300 bases in
this example. As shown in the figure, 1o this case, 300 bases expansion renders both human and
HPV candidate integration regions to cover the candidate breakpoint. Subsequently, a human-
HPV candidate integration region can be deduced by merging the human and HPV candidate
integration regions along the boundaries on the side of the candidate breakpoint. In some
exarmples, the number of Type A chimeric fragment sequence read pairs within an organism-
pathogen candidate integration region can also be used to evaluate and determine the candidate
integration region.

1. Sequence read alignment {0 a reference genome

18651} The alignment of sequence reads of a cell-free nucleic acid molecule from a sample from
a subject can be performed by any appropriate bioinformatics algorithms, programs, toolkits, or
packages. For instance, one can use the short oligonucleotide analysis package (SOAP) as an
alignment tool for applications of methods and systems as provided herein. Examples of short
sequence reads analysis tools that can be used in the methods and systems provided herein
include Arioc, BarraCUDA, BBMap, BFAST, BigBWA, BLASTN, BLAT, Bowtie, Bowtie2,
BWA, BWA-PSSM, CASHX, Cloudburst, CUDA-EC, CUSHAW, CUSHAW?2, CUSHAW2-
GPU, CUSHAW3, diFAST, ELAND, ERNE, GASSST, GEM, Genalice MAP, Geneious
Assembler, GensearchNGS, GMAP and GSNAP, GNUMAP, HIVE-hexagon, Isaac, LAST,
MAQ, mrFAST, mrsFAST, MOM, MOSAIK | MPscan, Novoalign & NovoalignCS, NextGENe,
NextGenMap, Omixon Vartant Toolkit, PALMapper, Partek Flow, PASS, PerM, PRIMEX,
(JPalma, RazerS, REAL, cREAL, RMAP, fNA, RT(G Investigator, Segemehl, SegMap, Shrec,
SHRiMP, SLIDER, SOAP, SOAPZ, SOAP3, SOAP3-dp, SOCS, SparkBWA, SSAHA,
SSAHAZ, Stampy, SToRM, Subread, Subjunc, Taipan, UGENE | VelociMapper, XpressAlign,
and ZOOM.
18652} A number of consecutive nucleotides {“a sequence streich”™) in a sequence read can be

used to align to a reference genome to make a call regarding alignment. For example, the
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alignment can comprise aligning at least 4, at least 6, at least 8, at least 10, at least 12, at least 14,
at least 16, at least 18, at least 20, at least 22, at least 24, at least 25, at least 26, at least 28, at
least 30, at least 32, at least 34, at least 35, at least 36, at least 38, at least 40, at least 42, at least
44, at least 45, at least 46, at least 48, at least 50, at least 52, at least 54, at least S5, at least 56, at
least 58, at least 60, at least 62, at least 64, at least 65, at least 66, at least 67, at least 68, at least
69, at least 70, at least 71, at least 72, at least 73, at least 74, at least 75, at least 76, at least 78, at
least 80, at least 82

at least 84, at least 85, at least 86, at least 88, at least 90, at least 92, at least

2

04, at least 95, at least 96, at least 98, at least 100, at least 102, at least 104, at least 106, at least

2

108, atleast 110, at least 112, at least 114, at least 116, at least 118, at least 120, at least 122, at
least 124, at least 126, at least 128, at least 130, at least 132, at least 134, at least 136, at least
138, at least 140, at least 142, at least 145, at least 146, at least 148, or at least150 consecutive
nucleotides of a sequence read to a reference genome, e.g., a reference genome of a pathogen, or
a reference genome of a host organism. In some cases, alignment as mentioned herein can
comprise aligning at most 5, at most 7, at most 9, at most 11, at most 13, at most 15, at most 17,
at most 19, at most 21, at most 23, at most 25, at most 27, at most 29, at most 31, at most 33, at
most 35, at most 37, at most 39, at most 41, at most 43, at most 45, at most 47, at most 49, at
most 51, at most 53, at most 55, at most 57, at most 59, at most 61, at most 63, at most 65, at
most 67, at most 68, at most 69, at most 70, at most 71, at most 72, ai most 73, at most 74, at
most 75, at most 76, at most 78, at most 80, at most 81, at most 83, at most 85, at most 87, at
most 89, at most 91, at most 93, at most 95, at most 97, at most 99, at most 101, at most 103, at
most 105, at most 107, at most 109, at most 111, at most 113, at most 115, at most 117, at most
119, at most 121, at most 123, at most 125, at most 127, at most 129, at most 131, at most 133, at
most 135, at most 137, at most 139, at most 141, at most 143, at most 145, at most 147, at most
149, or at most151 consecutive nucleotides of a sequence read to a reference genome, e.g., a
reference genome of a pathogen, or a reference genome of a host organism. In some instances,
alignment as mentioned herein comprises aligning about 20, about 22, about 24, about 25, about
26, about 28, about 30, about 32, about 34, about 35, about 36, about 38, about 40, about 42,
about 44, about 45, about 46, about 48, about 50, about 52, about 54, about 55, about 56, about

58, about 60, about 62, about 64, about 65, about 66, about 67, about 68, about 69, about 70,

about 71, about 72, about 73, about 74, about 75, about 76, about 73, about 80, about &2, about
84, about 85, about 86, about 88, about 90, about 92, about 94, about 95, about 96, about 98,
about 100, about 102, about 104, about 106, about 108, about 110, about 112, about 114, about
116, about 118, about 120, about 122, about 124, about 126, about 128, about 130, about 132,
about 134, about 136, about 138, about 140, about 142, about 145

150, about 152, about 154, about 155, about 156, about 158, about 160, about 162, about 164,

about 146, about 148, about
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about 165, about 166, about 168, about 170, about 172, about 174, about 175, about 176, about

178, about 180, about 185, about 190, about 195, or about 200 consecutive nucleotides of a
sequence read to a reference genome, e.g., a reference genome of a pathogen, or a reference
genome of a host organism.
{00531 In some cases, an alignment call 1s made when the sequence stretch has at least 80%;, at
least 85%, at least 90%, at least 95%, at least 98%;, at 99%, or 100% sequence 1dentity or
complementarity to a particular region of a reference genome, e.g., a human reference genome,
over the entire sequence read. In some cases, an alignment call is made when the sequence
stretch has at feast 80% sequence identity or complementarity to a particular region of a
reference genome, e.g., a human reference genome, over the entire sequence read. In some
cases, an alignment call is roade when the sequence stretch is identical or complementary to a
particular region of a reference genome, e.¢., a human reference genome, with no more than 20,
15,10,9,8,7,6, 5,4, 3, 2, or | mismatches, or with zero mismatches. In some cases, an
alignment call 1s made when the sequence stretch ts identical or complementary to a particular
region of a reference genome, e.g., a human reference genome, with no more than 2 mismatches.
The maximum mismatch number or percentage, or the mintmum similarity number or percentage
can vary as a selection criterion depending on purposes and contexts of application of the
methods and systems provided herein.

2. Types of reference genomes
10054] Sequence reads generated using methods and systems provided herein can be aligned to
one or more reference genomes, such as a reference genome of a pathogen and a reference
genome of a host organism. A reference genome of a pathogen in some cases can be a viral
genome, for instance, a HPV viral genome. The reference genome can be a consensus genome,
or a reference genome of a specific strain of a virus. In some cases, a pathogen genome
comprises RNA, the alignment o a reference genome of a pathogen can comprise converting the
sequence information of the sequence reads into a RNA sequence, or converting the RNA
genome sequence into sequence of its complementary DNA. A host organism can be a human or
a non-human animal. Examples of human reference genomes include GRChg37, GRChg37,
NCBI Build 34, NCBI Build 35, and NCBI Build 36.1. The human reference genome can be the
genome of an individual human. The human genome can be a consensus sequence.

3. Cutoff values for integration region
18655} Examples of the cutoff value for the predetermined distance between host organism read
and host organism read, or between pathogen read and pathogen read, in defining the candidate
integration region include about 10, about 15, about 20, about 25, about30, about 35, about 40,

about 45, about 50, about 55, about 60, about 65, about 70, about 75, about 80, about 85, about
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90, about 95, about 100, about 105, about 110, about 120, about 125, about 130, about 135,
about 140, about 145, about 150, about 155, about 160, about 165, about 170, about 175, about
180, about 185, about 190, about 195, about 200, about 205, about 210, about 215, about 220,
about 225, about 230, about 235, about 240, about 245, about 250, about 255, about 260, about
265, about 270, about 275, about 280, about 285, about 290, about 295, about 300, about 305,
about 310, about 315, about 320, about 325, about 330, about 335, about 340, about 345, about
350, about 355, about 360, about 363, about 370, about 375, about 380, about 385, about 390,
about 395, about 400, about 405, about 410, about 415, about 420, about 425, about 430, about
135, about 440, about 445, about 450, about 460, about 470, about 480, about 490, or about 500
bases. A cutoff value for the predetermined distance between host organism read and host
organism read, or between pathogen read and pathogen read, 1o defining the candidate
integration region can be at least 10, at least 15, at least 20, at least 25, at least30, at least 35, at
feast 40, at least 45, at least 50, at least 55, at least 60, at least 65, at least 70, at least 75, at least
80, at least 85, at least 90, at least 95, at least 100, at least 105, at least 110, at least 120, at least
125, atleast 130, at least 135, at least 140, at least 145, at least 150, at least 155, at least 160, at
least 165, at least 170, at least 175, at least 180, at least 185, at least 190, at least 195, at least
200, at least 205, at least 210, at least 215, at least 220, at least 225, at least 230, at least 235, at
teast 240, at least 245, at least 250, at least 255, at least 260, at least 265, at least 270, at least
275, at least 280, at least 285, at least 290, at least 295, at least 300, at least 305, at least 310, at
least 315, at least 320, at least 325, at least 330, at least 335, at least 340, at least 345, at least
350, at least 355, at least 360, at least 365, at least 370, at least 375, at least 380, at least 385, at
teast 390, at least 395, at least 400, at least 4035, at least 410, at least 415, at least 420, at least
425, atleast 430, at feast 435, at least 440, at least 445, at least 450, at least 460, at lgast 470, at
least 480, at least 490, or at least 500 bases. In some instance, the predetermined distance
between host organism read and host organism read, or between pathogen read and pathogen
read, in defining the candidate integration region can be at most 10, at most 15, at most 20, at

most 25, at most30, at most 33, at most 40, at most 45, at most 50, at most 55, at most 60, at

most 65, at most 70, at most 75, at most 80, at most 853, at most 90, at most 95, at most 100, at
most 105, at most 110, at most 120, at most 125, at most 130, at most 135, at mosi 140, at most
145, at most 150, at most 155, at most 160, at most 165, at most 170, at most 173, at most 180, at
most 185, at most 190, at most 193, at most 200, at most 205, at most 210, at most 215, at most
220, at most 225, at most 230, at most 235, at most 240, at most 245, at most 250, at most 255, at
most 260, at most 265, at most 270, at most 275, at most 280, at most 285, at most 290, at most

295, at most 300, at most 305, at most 310, at most 315, at most 320, at most 323, at most 330, at
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most 335, at most 340, at most 345, at most 350, at most 335, at most 360, at most 365, at most
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370, at most 375, at most 380, at most 385, at most 390, at most 395, at most 400, at most 405, at
most 410, at most 415, at most 420, at most 425, at most 430, at most 435, at most 440, at most
445 at most 450, at most 460, at most 470, at most 480, at most 490, or at most 500 bases.
{0056} The number of chimeric fragment sequence read pairs within an organism-pathogen
candidate integration region can be used to evaluate and screen for candidate integration region.
For example, each organism-pathogen candidate integration region can have at least two
organism-pathogen {e.g., human-HPV} chimeric fragment sequence read pairs which are not
PCR duplicates, ¢.g., reads with the same start and end outer coordinates. In some instances,
each organism-pathogen candidate integration region can have at least 3, 4, 5, 6,7, §, 9, 10, 11,
12, 15, 20, 50, 100, 200, 1000, 10,000, 50,000, 100,000, or more organism-pathogen (e.g.,
human-HPV) chimeric fragment sequence read pairs which are not PCR duplicates, e.g., reads
with the same start and end outer coordinates.

B. Strand Orientation and Deduced Integration breakpoing

{0057} The number of chimeric fragment sequence read pairs within an organism-pathogen
candidate integration region can be used to evaluate and screen for candidate integration regions.
For example, each organism-pathogen candidate integration region can have at least two
orgarism-pathogen {e.g., human-HPV) chimeric fragment sequence read pairs which are not
PCR duplicates, ¢.g., reads with the same start and end outer coordinates. In some instances,
each organism-pathogen candidate integration region can have at least 3, 4, 5,6, 7, §, 9, 10, 11,
12, 1S, 20, 530, 100, 200, 1000, 10,000, 50,000, 100,000, or more organism-pathogen (e.g.,
human-HPVY) chimeric fragment sequence read pairs which are not PCR duplicates, e.g., reads
with the same start and end outer coordinates.
{0058] Strandedness of the sequence reads generated by patred-end sequencing can be used to
determine the likelihood of integration breakpoints. After identification of potential candidate
integration regions, strand orientations of a host organism sequence read and a pathogen
sequence read in the organism-pathogen chimeric fragment sequence read pairs can be used to
eliminate organisru-pathogen chirneric fragments generated in viro (e.g., by in vitro ligation).
The integration regions in the host organism and pathogen genomes can be deduced based on the
strand orientations of the host organism sequence read and the pathogen sequence read, either
upstream or downstream of the host organism and pathogen sequence reads. Type B chimeric
fragment sequence read pairs with chimeric reads having inconsistent orientations compared
with Type A chimeric fragment sequence read pairs that are used for deducing candidate
integration regions can be filtered out. When Type A chimeric fragment sequence read pairs are
grouped for determination of candidate integration regions, there can be Type A sequence read
pairs having different strand orientations {or strandedness patterns} that are grouped together. In
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some cases, there can be up to four possible different strand orientations in a given sample:
Cef 7 T L7 7 where + stands for forward strand when the sequence read matches a
sequence in a reference genome, and - stands for reverse strand when the sequence read is
complement to a sequence in a reference genome; and the sequence read aligning to host
organism genome precedes the sequence read aligning to pathogen genome in expression terms
hke “+/+7 “-/-7 “+/- 7 and “~/+.” In some cases, numbers of Type A chimeric fragment
sequence read pairs that have each of the four possible different strand orientations are counted.
In some cases, Type A chimeric fragment sequence read pairs, which have the majority strand
orientation in a group are used for deducing candidate integration regions. In some cases, the
number of Type A chimeric fragment sequence read pairs having the majority strand orientation
does not exceed 50% of total Type A chumeric fragment sequence read pairs 1o the group. In
some cases, the mumber of Type A chimeric fragment sequence read pairs having the majority
strand orientation exceeds any other strand orientations. FIG. 4 shows exemplary analyses of
strand orientation of the sequence read pairs of the cell-free DNA fragments. In this example,
human-HPV chimeric sequence read pairs are analyzed. As shown in the schematic of FIG. 4,
when the majority of Type A fragment sequence read pairs (3 out of 4} have + strand of human
sequence read and — strand of HPV sequence read, the remaining Type A fragment sequence
read pair, which has + strand of human sequence read and + strand of HPV sequence read, can
be determined as filtered out as “false” read pair. Type B chimeric fragment sequence read pairs
can thus be screened based on their strand orientations. In this example, the Type B sequence
read pair with chimeric read having inconsistent strand orientation with the strandedness of
majority of the Type A fragment sequence read pairs can be filtered out as a “false” read. The
table in FIG. 4 lists four different situations of the strand orientation of the majority of Type A
human-HPV fragment sequence read pairs in candidate integration regions, and the
corresponding expected strand orientation of human-HPV chimeric reads in the same candidate
integration region.

C. Hdentification of Integration Breakpoints

1005%9] Type B chimeric fragment read pairs or chimeric reads in Type B chimeric fragment read
pairs as exemplified in FIG. 2 can be detected by using short sequence reads analysis tools
complemented with local alignment functions. For instance, Bowtie2 software can be used for
the analysis, and local alignment function can be useful for aligning short nucleotide stretches
(*“bins”} to a host organism reference genome or a pathogen reference genome. The short
nucleotide stretches can contain at least 4, atleast 5, at least 6, at least 7, at least 8, atleast 9, at
least 10, at least 12, or at least 15 bases. In some instances, the short nuclectide stretches can
contain at most 50, at most 30, at most 25, at most 24, at most 23, at most 22, at most 21, at most
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20, at most 19, at most 18, at most 17, at most 16, at most 14, at most 13, at most 11, at most 9,
at most 8, at most 7, at most 6, at most 5, or at most 4 bases. The short nucleotide stretches can
contain about 4, about 5, about 6, about 7, about 8, about 9, about 10, about 11, about 12, about
15, about 18, about 20, about 22, about 24, about 25, about 30, or about 50 bases. In some
instances, the minimum mapping stretches can be 4 bp. In some cases, the alignment can be
performed stepwise. For example, alignment can start with a relatively longer stretch length,
e.g., about 30 bases or about 22 bases, to locally map the reads to the reference genome of either
human or HPV | in order to identity chimeric reads, each of which has one part aligning to human
reference genome and the remaining part aligning to HPV reference genome. Once the chimeric
reads are identified, the shorter “part” of a chimeric read, e.g., the part of the chimeric read that
is ruappable to either human genome or HPV genome and 1s shorter than the other part of the
chimeric read, can then be subject to further alignment using a relatively shorter stretch length,
e.g., about 4 bases, to the reference genome of either human or HPV, in order to achieve finer
alignment to either reference genome, thereby deducing a candidate integration breakpoint. The
short nucleotide stretch length can be adjusted depending on various parameters, including, but
not limited 1o, species of pathogen and host organtsm, variables of vartous steps of the
sequencing assay like amplification, adaptor ligation, sequencing-by-synthesis, sequencing
depth, and length of sequence reads, as well as expected sensitivity and specificity for the
determination of pathogen integration breakpoints. In some cases, the alignment can be
performed o one step using an appropriate local sequence aligonment algorithm. For instance, a
chimeric read can be detected by the alignment of part of its sequence to a host organism genome
or another part to a pathogen genome using Smuth-Waterman based dynamic algorithm.

18660} Human-HPV chimeric reads can be tdentified within candidate integration regions to
determine the potential integration breakpoints. In this example, an integration breakpoint can
be defined as the boundary of where the HPV DNA is juxtaposed against buman DNA. As
discussed above, strand orientation of chimeric reads and Type A chimeric fragment read pairs
that are used for constructing the candidate regions can be consistent. With this information, the
relative location of a potential breakpoint can be further deduced by combining the strand
information of the candidate regions and chimeric reads. The table in FIG. 4 further lays out
exemplary situations where and how orientations of chimeric fragments have consistent strand
orientation with chimeric fragments with human-HPV chimeric read. Expected relative
locations of breakpoint to human or HPV genomic sequence are also given for each exemplary
situation.

{0061} When identifying and analyzing Type B chimeric reads, if the longer part of potential

human-HPY chimeric read (either read in paired-end sequencing) is mappable on the human side
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of a candidate region, alignment can be tested between the shorter part of the chumeric read and
the HPV side of the candidate region. Similarly, if the longer part of the potential human-HPV
chimeric read (either read in paired-end sequencing) is mappable on the HPV side of a candidate
region, alignment can be tested between the shorter part of the chimeric read and the human side
of the candidate region. Because the minimum mapping length of the shorter part of a chimeric
read can be short, it is possible by chance the short mapping stretches are mappable to multiple
regions on etther human or HPV genome. Therefore, when the mapping position of the short
sequence anchor is within a short predetermined distance of the potential breakpoint, the
mapping position can be considered as a putative hit, and as a consequence, the corresponding
reads can be regarded as the chimeric reads covering the integration breakpoint.

D. Screening for Highly Confident Integration Breakpoinis
{0062] For the breakpoints covered by multiple chimeric reads, a diversity test can be used to
evaluate the integration breakpoints identified following the protocols as mentioned above and to
filter out potential false positive breakpoints. True breakpoints can be covered by multiple
chimeric fragments with different lengths of sequences that align to host organism or pathogen
reference genome, which therefore have more diversity. Potential jntegration breakpoints can be
evaluated by examining the diversity of the chimeric reads that cover the integration breakpoints,
e.z., the diversity of the lengths of sequences of the chimeric reads that align to host organism or
pathogen reference genome. A Diversity Score for examining the diversity of the chimeric reads
can be calculated as below:

ol+ o2
max(%,%f’

where

ol the standard deviation of lengths of portion of chimeric read aligning to host
organism reference genome;

02 the standard deviation of lengths of portion of chimeric read aligrning to pathogen
reference genome.
{0063] The integration breakpoints can then be sorted by the Diversity Score. In some cases, the
higher the Diversity Score, the higher the likelihood can be that the identified integration
breakpoint is true (see e.g., FIG. §). In some examples, the cutoff Diversity Score can be set as
4, so that the integration breakpoints with a Diversity Score below 4 are excluded, while the
remaining integration breakpoints that have Diversity Score of at least 4 can be regarded as from
the actual HPV integration events. In some instances, the cutoff Diversity Score is set as about
0.1, about 0.2, about 0.4, about 0.6, about 0.8, about 1, about 1.2, about 1 4, about 1.6, about 1.3,

about 2.0, about 2.2, about 2.4, about 2.5, about 2.6, about 2.8, about 3.0, about 3.1, about 3.2,
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about 3.3, about 3.4, about 3.5, about 3.6, about 3.7, about 3.8, about 3.9, about 4.0, about 4.1,

about 4.2, about 4.3, about 4.4, about 4.5, about 4.6, about 4.7, about 4.8, about 4.9, about 5.0,
about 5.2, about 5.4, about 5.6, about 5.8, about 6.0, about 6.5, about 7.0, about 7.5, about 8,
about 8.5, about 9, about 9.5, about 10, about 20, about 30, about 40, about S0, about 60, about
80, or about 100, In some instances, the cutoff Diversity Score can be at most 0.1, at most 0.2, at
most 0.4, at most 0.6, at most 0.8, at most 1, at most 1.2, atmost 1.4, at most 1.6, at most 1.8, at
most 2.0, at most 2.2, at most 2.4, at most 2.5, at most 2.6, at most 2.&, at most 3.0, at most 3.1,
at most 3.2, at most 3.3, at most 3.4, at most 3.5, at most 3.6, at most 3.7, at most 3.8, at most
39 atmost 4.0, at most 4.1, at most 4.2, at most 4.3, at most 4.4, at most 4.5, at most 4.6, at
most 4.7 at most 4.8, at most 4.9, at most 5.0, at most 5.2, at most 5.4, at most 5.6, at most 5.8,

at most 6.0, at most 6.5, at most 7.0, at most 7.5, at most 8, at most 8.5, at most 9, at most 9.5, or

2

at most 10. In other instances, the cutoff Diversity Score can be at feast 1, at least 1.2, at least
1.4, atleast 1.6, at least 1.8, atleast 2.0, atleast 2.2, at least 2.4, at least 2.5, at least 2.6, at least
2.8, atleast 3.0, at least 3.1, atleast 3.2, at least 3.3, at least 3.4, at least 3.5, at least 3.6, at least
3.7, atleast 3.8, atleast 3.9, atleast 4.0, atleast 4.1, at least 4.2, at least 4.3, at least 4.4, at least
45 atleast 46, atleast 4.7, atleast4 8, atleast 49, atleast 5.0, at least 5.2, at least 5.4, at least
5.6, atleast 5.8, at least 6.0, at least 6.5, atleast 7.0, at least 7.5, at least 8, at least 8.5, at least O,
at feast 9.5, at least 10, at least 20, at least 30, at least 40, at least 50, at least 60, at least 80, or at
least 100.

18664} Oune or more of the various cutoff values as mentioned herein can be adjusted depending
on a number of parameters. These variables can be adjusted in order to achieve desirable
assessment results, e.g., sensitivity and specificity in determination of the pathogen integration
breakpoints. The various cutoff values that can be adjusted according to the methods provided
herein include alignment length for searching and 1dentifying Type A chimeric fragment
sequence read pairs, cutoff value for distance between reads in defining the integration region,
length of the short nucleotide bins for alignment during searching and identifying Type B
chimeric fragment sequence reads, and cutoft Diversity Score. One or more of these variables
can be adjusted depending on a number of parameters, including context of the sample analysis,
e.g., species of the pathogen and the host organism, type of cancer to be analyzed, age, gender,
and health condition of the host organism, variables of the various steps of the sequencing assay
like amplification, adaptor ligation, sequencing-by-synthesis, sequencing depth, and length of
sequence reads, as well as expected outcome for the sample analysis, for instance, sensitivity and
specificity for the determination of pathogen integration breakpoints. In some instances, variable
adjustment can be evaluated and/or confirmed by other assays. For example, in patients with a

certain type of cancer, e.g., cervical carcinoma, HPV integration breakpoints can be determined
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by analyzing cell-free DNA in plasma sample according to methods and systems provided
herein. Different lists of candidate HPV integration breakpoints can be deduced through
adjusting one or more of the variables as discussed herein. These lists of candidate HPV
integration breakpoints can then be coropared against HPV integration breakpoints determined
by analyzing tumor tissue sample from the same patient. In some cases, whole genome
sequencing or other next-generation sequencing technologies can be used for such analysis. In
some cases, variables can be optimized through comparisons in order to obtain accurate
information about the pathogen integration profile in the subject.

E. Pathogen Integration Index

{0065] The pathogen integration profile as described herein can comprise a pathogen integration
index. Some aspects of the present disclosure also provide methods and systems for determining
a pathogen integration index by analyzing nucleic acid molecules from a biclogical sample. An
integration index can be an odds ratio of organism-pathogen chimeric nucleic acid molecules
over total number of nucleic acid molecules in a biological sample. In some instances,
integration index is determined based on a number of chimeric fragment sequence read pairs as
discussed above. For example, the number of chimeric read pairs (e.g., Type A fragment read
pairs, Type B fragment read pairs, or both) can be determined during sample analysis, e.g.,
sequencing analysis. In some examples, the pathogen integration index is calculated by dividing
the number of organism-pathogen chimeric read pairs {e.g., human-HPV chimeric read pairs) by
the number of pathogen fragment read pairs (e.g., HPV fragment read pairs). HPV fragment
read pair can be a pair of paired-end sequence reads, both of which map to a genome of the
pathogen {e.g., HPV}.
{0066} In some examples, the integration index can comprise location information. For instance,
an integration mdex can be computed for each of a location in a genome of a pathogen, a genome
of a host organism, or both. In some cases, for a location {e.g., nucleotide coordinate) in a
genome of pathogen, the number of organism-pathogen chimeric fragment read pairs ending at
said location can be determined, and the number of pathogen fragment read pairs ending at said
location can also be determined. An integration index for said location can thus be calculated by
dividing the mumber of organism-pathogen chimeric fragment read pairs ending at said focation
by the number of pathogen fragment read pairs ending at said location. Other caleulation
methods can also be used for determining the integration index, as long as it reflects the
abundance of organism-pathogen chimeric fragments in the biological sample.
{0067] The integration index can be analyzed at a genomewide or a locus-specific level Ata
locus-specific level, the index can be calculated with respect to any site along the viral genome
of at least 1bp in size. In one example, integration index can be used to predict the risk or
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likelihood of cancer development. For instance, in some cases, the higher the integration index
is, the more likely the cancer can develop in the subject from whom the sample 1s obtained. In
yet ancther example, the distribution of pathogen integration indices along the viral genome
{(focus-specific level of analysis) can be distinct across different tumor types. For example, HPV
integration index was shown to be different between patients with cervical cancers and HNSCC
(FEG. 7), thus informing the tumor origin. Calculation of integration index can be based on, for
example, the ratio of Type A viral-human chimeric fragments to the total viral-only BNA. The
abovementioned filtering steps for identifying the integration breakpoints may or may not be
applied in the calculation of integration tndex. For example, any paired-end reads for which one
end aligns to the viral genome and the other aligns to the human genome, e.g., Type A chimeric
fragments, can be used for calculation of the integration index without any filtering. In avother
example, the proportion of the total number of Type A and Type B chimeric fragments can be
used for calculating the integration index.

{0068} It should be understood that while the detailed exemplary workflow described above
focuses on analysis of sequence reads from paired-end sequencing on organism-pathogen
chimeric cell-free nucleic acid fragments, especially human-HPV chimeric cell-free DNA
fragments, similar concepts and methodologies can be applied to situations where other
sequencing technologies are used and where not necessarily merely end sequence information is
obtained, for example, when sequencing technologies like ion torrent sequencing and nanopore
sequencing are used, in order to determine the integration regions and/or breakpoints; similar
concepts and methodologies can also be applied to situations where other combinations of
pathogen and host organism and/or other nucleic acid molecules, either acellular or cellular, are
of concern.

{il. PATHOGEN INTEGRATION PROFILE

{0069} A pathogen integration profile can comprise a location of one or more pathogen
integration breakpoints in a pathogen genome, a host organism genome, or both. A pathogen
mtegration profile can comprise a location of one or more integration breakpoints in a pathogen
genome or a host organism genome. A pathogen integration profile can be used for determining
a classification of pathology, e.g., presence or absence of caner or precancerous lesions, type of
cancer, and stage of cancer.

{6070} A pathogen integration profile can comprise one or more “integration breakpoints.” An
integration breakpoint can be a site in which a pathogen nucleic acid molecule {e.g., viral DNA}
integrates into a genome {e.g., human genome) of a host cell that 1s infected by the pathogen.
{0071 Integration of pathogen nucleic acid can result in damage in the integrity of a host

organism genome, and in some cases, severe downstream consequences in the host cells. The
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integration breakpoint in the host organism genome can be an expression sequence that can be
translated into a protein. The pathogen integration can cause disruption of the protein production
in an infected cell. In some other cases, an integration breakpoint in a host organism genome can
be in a transcription regulatory region, e.g., an enhancer or a promoter. Integration of a pathogen
nucleic acid sequence can result in dysregulation of gene transcription that is normally regulated
by the affected transcription regulatory region. In some instances, the pathogen integration can
jead to changes in transcription/translation landscape, cellular functions, or malignant
transformation of a normal cell into a cancerous cell. The pathogen nucleic acid molecule can be
a pathogen genomic DNA molecule. The pathogen nucleic acid molecule can be a
complementary DNA of a pathogen genomic RNA molecule when the pathogen genome
comprises RNA molecules, for instance, when the pathogen is a RNA virus, e.g., a retrovirus. In
blood of a subject infected by HPV, there can be human-HPV chimeric DNA fragments
circulating in the plasma that have both HPV DNA sequence and human DNA sequence. In
blood of a subject infected by EBV, there can be human-EBYV chimeric DNA fragments
circulating in the plasma that have both EBV DNA sequence and human DNA sequence.

16672} Pathogen integration profile can refer to a presence or an absence of a combination of
nucleotide sequence from a pathogen genome and nucleotide sequence from a host organism
genome in the nucleic acid molecules of concern, a size or length of nucleotide sequence from a
pathogen genome in the nucleic acid molecules of concern, a fractional contribution of
nucleotide sequence from a pathogen genome in the nucleic acid molecules of concern, sequence
pattern of the nucleotide sequence from a pathogen genome in the nucleic acid molecules of
concern, a characteristic of a pathogen-host organism junction point in the nucleic acid
molecules of concern, location of a breakpoint in a genome of a pathogen that integrates into a
genome of the host organism, or location of a breakpoint in a genome of the host organism
where the a pathogen nucleic acid molecule is inserted in the host organism genome. In some
instances, pathogen integration profile comprises a location of a breakpoint in a genome of a
pathogen that integrates in a genorue of the host organism.

10873} In some examples, the methods provided herein relate to analyzing a biological sample of
an organism to determine a pathogen integration profile. In some cases, the methods can
comprise analyzing cell-free nucleic acid molecules from the biological sample to determine a
pathogen integration profile. The pathogen integration profile can comprise a position of
integration breakpoint in a genome of a pathogen that integrates in a genome of the host
organism, a position of integration breakpoint in a genome of the host organism, or both.
Breakpoint in general can refer to a position at which a nucleic acid sequence from a first
organism is juxtaposed to nucleic acid sequence from a second organism when the nucleic acid
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sequence from the first organism integrates into the genome of the second organism. In some
cases, a breakpoint as discussed herein can be a position where a nucleic acid sequence from a
genome of a pathogen is juxtaposed against a nucleic acid sequence from a genome of a host
orgarusm. For instance, a breakpoint in a genome of a pathogen can refer to a position in a
pathogen genome at which the pathogen genomic DNA breaks and joins a host organism
genomic DNA when the pathogen genome is integrated into a host genome. In some instances,
the integration process can involve one breakpoint in a pathogen genome. lu other instances, the
itegration process can involve multiple breakpoints in a pathogen genome, e.g., the pathogen
genomic DNA breaks up into multiple fragments, e.g., 2, 3,4, 5,6, 7, 8,9, 10, 15, 20, 100, or
more, which are inserted into a host organism genome, respectively. In some cases, methods and
systems provided herein enables identification of one or more integration breakpoints in nucleic
acid molecules from a biological sampie. In some cases, methods and systems provided herein
enables identification of 2, 3, 4, 5, 6, 7, 8, 9, or even more integration breakpoints in nucleic acid
molecules from a biological sample.

V. CHROMOSOMAL REARRANGEMENT

A, Detection of Chromosomal Rearrangement
{0074} In some aspects, the present disclosure provides methods of detecting a chromosomal
rearrangement. The methods and systems can comprise analyzing, by a computer system, a
plurality of nucleic acid molecules, e.g., cell-free nucleic acid {e.g., DNA) molecules from the
biological sarmple, e.g., plasma, to detect the chimeric nucleic acid fragment comprising a
chromosomal rearrangement {chromosomal rearrangement chimeric nucleic acid fragment).
Analyzing each of the plurality of nucleic acid molecules, e.g., cell-free nucleic acid {e.g., DNA)
molecules, can comprise identifving a first end of the respective nuclete acid molecule, e.g., cell-
free nucleic acid molecule, as being from a first genomic region of the reference genome of the
organism and identifying a second end of the respective nucleic acid molecule, e.g., cell-free
nucleic acid molecule, as being from a second genomic region of the reference genome of the
orgamism. A chimeric nucleic acid fragment compnising a chromosomal rearrangement can be
detected when the relative positioning of the first and second genomic regions in the reference
genome of the organism is inconsistent with the relative positioning of the first and second ends
in the respective cell-free nucleic acid molecule.
{6075} The relative positioning can refer to a relative distance in a reference genome or a cell-
free nucleic acid fragment, or a relative 5° to 37 (or upstream-downstream) relationship. The
relative distance can refer to an exact relative distance or a range of relative distance. For
instance, the relative positioning can be counsistent if the relative distance between the first and
second genomic regions in the reference genome and the relative distance between the first and
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second ends in the cell-free nucleic acid fragment are exactly the same in some cases, or are in
the same range {e.g., 100-180 bases or a typical length range of a cell-free nucleic acid fragment)
in some other cases. The relative positioning can be inconsistent if the relative distance between
the first and second genomic regions in the reference genome and the relative distance between
the first and second ends in the cell-free nucleic acid fragment are not exactly the same in some
cases, or are not in the same range {(e.g., 100-180 bases or a typical length range of a celi-free
nucleic acid fragment) in some other cases. The inconsistency can vary depending on the
different types of chromosomal rearrangement between the relative positioning of the first and
second genomic regions in the reference genome of the organism is inconsistent with the relative
positioning of the first and second ends in the respective celi-free nucleic acid molecule. A
chromosomal rearrangement can be a translocation, amplification, deletion, inversion,
chromosomal arm loss, and chromosomal arm gain.

{0076] A translocation can involve inter- or intrachromosomal rearrangement of nucleic acid
sequences from two previously separate genomic regions on different chromosome or on the
same chromosome, respectively. If a cell-free nucleic acid fragment arises from a genomic
region encompassing a translocation eveunt, the two ends of the cell-free nucleie acid fragment
can come from two previously separate genomic regions in the organism. In some cases, if the
first end of the cell-free nucleic acid fragrment aligns to a first genomic region in a reference
genome of the organism and the second end of the cell-free nucleic acid fragment aligns to a
second genomic region in the reference genome of the organisr, the first and second genomic
regions in the reference genome can have a distance that is inconsistent with the distance
between the first and second ends in the cell-free nucleic acid fragment. For instance, the
distance between the first and second genomic regions in the reference genome can be
undeterminable, if the first and second genomic regions in the reference genome are on different
chromosomes when the two ends of the cell-free nucletc acid fragment span portions of two
originally different chromosomes. In some cases, the distance between the first end and second
genomic regions in the reference genome can be longer than the distance between the first and
second ends in the cell-free nucleic acid fragment if the cell-free nucleic acid fragment spans a
location where an intrachromosomal translocation of the chromosome has taken place. In some
cases, the relative distance of the first and second genomic regions in the reference genome is
compared to an arbitrary cutoff value for determining whether or not the cell-free nucleic acid
spans a location where translocation has taken place. For example, the cutoff value canbe a
distance longer than an expected length of a cell-free nucleic acid fragment. In some cases, the
cutoff value can be a distance longer than an expected length of a cell-free nucleic acid fragment
minus the tengths of the first and second sequence reads. The cutoff value can be about 100
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bases, about 200 bases, about 300 bases, about 400 bases, about 500 bases, about 600 bases,
about 800 bases, about 1000 bases, about 1200 bases, about 1500 bases, about 2000 bases, about
300 bases, about 4000 bases, about 5000 bases, about 6000 bases, about 8000 bases, or about 10°
bases. The cutoff value can be at least 80 bases, at least 140 bases, at least 180 bases, at least
250 bases, at least 350 bases, at least 450 bases, at least 550 bases, at least 750 bases, at least 900
bases, at least 1100 bases, at least 1250 bases, at least 1800 bases, at least 2500 bases, at least
3500 bases, at least 5500 bases, at least 7500 bases, at least 9000 bases, or at least 10" bases.
{0077} An inversion can be a chromosome rearrangement in which a segment of a chromosome
is reversed end to end.  An inversion can occur when a single chromosome undergoes breakage
and rearrangement within itself. If a cell-free nucleic acid fragment arises from a genomic
region encompassing an inversion event, the two ends of the cell-free nucleic acid fragroent can
come from two genomic regions which originally have opposite 5° to 37 relationship. In these
cases, if the first end of the cell-free nucleic acid fragroent aligns to a first genomic region in a
reference genome of the organism and the second end of the cell-free nucleic acid fragment
aligns to a second genomic region in the reference genome of the organism, then the first and
second genomic regions in the reference genome can have a reverse 57 to 37 relationship as
compared to the first and second ends of the cell-free nucleic acid fragment.

{0078} An amplification can be a chromosomal rearrangement in which a segment of a
chromosome is focally replicated. A cell-free nucleic acid fragment arising from a genomic
region encompassing an amplification can have two ends that comprise the same replicated
sequence. A deletion can be a chromosomal rearrangement in which a segment of a
chromosome 1s deleted. A celi-tree nucleic acid fragment arising from a genomic region
encompassing a deletion can have two ends that come from two genomic regions that were
previously separated apart by the deleted segment.

{0079} The methods can further comprise analyzing the chromosomal rearrangement chimeric
nucleic acid fragment to detect the chromosomal rearrangement. Detection of the chromosomal
rearrangement can include determining the type of the chromosomal rearrangement, for example,
translocation, amplification, deletion, inversion, chromosomal arm loss, or chromosomal arm
gain. Detection of the chromosomal rearrangement can also include determining the
chromosomal rearrangement breakpoint.

{0080} In some cases, the methods comprise identifying Type A chromosomal chimeric
sequence read pairs from a plurality of sequence read pairs generated from patred-end
sequencing of cell-free nucleic acid molecules from the biological sample. A Type A
chromosomal chimeric sequence read pair can have a first sequence read aligning to a first
genomic region of a reference genome of the organism and a second sequence read aligning to a
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second genomic region of the reference genome of the organism; and for each of the Type A
chromosomal chimeric sequence read pairs, a relative positioning of the first and second
genomic regions in the reference genome of the organism can be inconsistent with a relative
positioning of the first and second ends in the respective cell-free nucleic acid molecule. The
methods can further comprise grouping the first sequence reads of Type A chromosomal
chimeric sequence read pairs that are overlapping or separated within a predetermined distance
in the reference genome of the organism, and grouping the second sequence reads of Type A
chromosomal chimeric sequence read pairs that are overlapping or separated within a
predetermined distance in the reference genome of the organism, thereby determining a
candidate rearrangement region comprising candidate regions in the first and second genomic
regions of the reference genome of the organism, respectively. A chromosomal rearrangement
type {e.g., translocation or inversion} can be deduced based on the Type A chromosomal
chimeric sequence read pairs.

{0081} The methods can further comprise identifying and analyzing Type B chromosomal
chimeric sequence read pairs. Type B chromosomal chimeric sequence read pair can have a first
sequence read aligning to the candidate rearrangement region and a second sequence read being
a chumeric read, and wherein a portion of the chimeric read aligns to the first genomic region and
a rerpaining portion of the chimeric read aligns to the second genomic region. Based on the
Type B chromosomal chimeric sequence read pairs, a chromosomal rearrangement can be
determined. For instance, a chromosomal rearrangement breakpoint can be determined by
locally aligning the sequence of the chimeric read to the reference genome. Based at least in part
on the chromosomal rearrangement breakpoint, a type of the chromosomal rearrangement can be
further determined.

{0082 In some cases, the methods and systems comprise determining a diversity of chimeric
reads of the Type B chromosomal chimeric sequence read pairs, thereby screening the
chromosomal rearrangement based on the diversity. The screening can comprise determining a
Diversity Score for the Type B chromosomal chimeric sequence read pairs. The Diversity Score
can be calculated as:

gl+ o2

max(’m 62\)?
o2 a1’

wherein gl is a standard deviation of lengths of the portion of chimeric read
aligning to the first genomic region, and wherein o2 is a standard deviation of lengths of the
remaining portion of chimeric read aligning to the second genomic region.
{0083] The methods can include comparing the Diversity Score to a cutoff value. In some cases,

it the Diversity Score is equal to or higher than the cutoff value, then the chromosomal
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rearrangerent can be determined based on the chimeric reads. In some cases, the Diversity
Score 15 lower than the cutotf value, the candidate chromosomal rearrangement region can be
excluded as a false positive hit. The cutoff value for Diversity Score can be about 0.1, about 0.2,
about 0.4, about 0.6, about 0.8, about 1, about 1.2, about 1.4, about 1.6, about 1.8, about 2.0,
about 2.2, about 2.4, about 2.5, about 2.6, about 2.8, about 3.0, about 3.1, about 3.2, about 3.3,
about 3.4, about 3.5, about 3.6, about 3.7, about 3.8, about 3.9, about 4.0, about 4.1, about 4.2,
about 4.3, about 4.4, about 4.5, about 4.6, about 4.7, about 4.8, about 4.9, about 5.0, about 5.2,
about 5.4, about 5.6, about 5.8, about 6.0, about 6.5, about 7.0, about 7.5, about 8, about 8.5,
about 9, about 9.5, about 10, about 20, about 30, about 40, about 50, about 60, about 80, or about
100. In some instances, the cutoff Diversity Score can be at most 0.1, at most 0.2, at most 0.4, at
most 8.6, at most 0.8, at most 1, at most 1.2, at most 1.4, at most 1.6, at most 1.8, at most 2.0, at
most 2.2, at most 2.4, at most 2.5, at most 2.6, at most 2.8, at most 3.0, at most 3.1, at most 3.2,
atmost 3.3, at most 3.4, at most 3.5, at most 3.6, ait most 3.7, at most 3.8, at most 3.9, at most
40 atmost4.1, at most4.2, atmost 4.3, at most 4.4, at most 4.5, at most 4.6, at most 4.7, at
most 4.8, at most 4.9, at most 5.0, at most 5.2, at most 5.4, at most 5.6, at most 5.8, at most 6.0,
at most 6.5, at most 7.0, at most 7.5, at most &, at most 8.5, at most 9, at most 9.5, or at most 10.
In other instances, the cutoft Diversity Score can be at least 1, at least 1.2, at least 1.4, at least
1.6, at least 1.8, at least 2.0, atleast 2.2, atleast 2.4, at least 2.5, at least 2.6, at least 2.8, at least
3.0, atleast 3.1, at least 3.2, at least 3.3, at least 3.4, at least 3.5, at least 3.6, at least 3.7, at least
3.8 atleast 3.9, atleast 4.0, atleast 4.1, at least 4.2, at least 4.3, at least 4.4, at least 4.5, at least
4.6, atleast 4.7, atleast 4.8, at least 4.9, atleast 5.0, at least 5.2, at least 5.4, at least 5.6, at least
5.8, atleast 6.0, at least 6.5, at least 7.0, atleast 7.5, at least &, at least 8.5, at least 9, at least 9.5,
at feast 10, at least 20, at least 30, at least 40, at least 50, at least 60, at least 80, or at least 100.
18084} The methods can include filtering out “false positive” sequence read pairs by
strandedness similar as in the methods of detecting pathogen integration breakpoint. The
methods can comprise filtering out Type B chromosomal chimeric sequence read pairs that have
strandedness pattern inconsistent with the majority strandedness pattern are excluded from the
determining the chromosomal rearrangement.

B. Identification of gene fusion in cancer genome
16685} In some aspects, methods and systems as provided herein can be applied to detection of
gene fusion in human cancer genome. Gene fusion can include inter- or intrachromosomal
rearrangement of nuclete acid sequences from two previously separate genomic regions on
different or the same chromosome, respectively. A gene fusion event can result in hybrid
genomic fragments (“fusion genes”) that share similarities to the hybrid DNA molecules resulted

from pathogen integration. Gene fusions can occur from translocation, interstitial deletion, or
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chromosomal inversion. Gene fusions can play roles in cancer development. Identification of
gene fusions can be a diagnostic tool and the fusion genes can be a therapeutic target 1o anti-
cancer treatment. The methods and systems as discussed herein relate to detection of fusion
genes from cell-free nucleic acids released from tumor tissue genome. The methods provided
herein can render such detection painiess and non-invasive, which can aid precision cancer
treatment and monitor treatment response with tumor DNA in real time.

C. Identification of somatic structural variation
{0086} In some aspects, the methods provided herein can be applied to detection of somatic
structural vartation in genome. Structural variation can include deletions, duplications, copy-
number variants, insertions, inversions and translocations, which can contribute to complex
disorders, including autism and cancer. Somatic structural variation can result in the release of
chimeric DNA molecules to plasma and can be potentially detected by the integration detection
methods as described herein. The methods provided herein can allow precise identification of
various kinds of structural variations and can promote the exploration of the pathogenic
mechanism and therapeutic method of the diseases related to genome structural variation.
Somatic structural variations can be detected noninvasively based on the methods provided
herein.
V. SEQUENCING METHODS
{00871 Sequencing analysis of a biological sample as described herein can be performed for
determining a pathogen integration profile. Methods provided herein can comprise sequencing
nucleic acid molecules, e.g., cell-free nucleic acid molecules, cellular nucleic acid molecules, or
both, from a biological saraple. In some instances, methods provided herein comprise analyzing
sequencing results, e.g., sequencing reads, from nucleic acid molecules from a biological sample.
Methods and systems provided herein can involve or not involve an active step of sequencing.
Methods and systems can comprise or provide means for receiving and processing sequencing
data from a sequencer. Methods and systems can also comprise or provide means for providing
commands to sequencer to adjust parameter(s) of sequencing process, ¢.2., commands based on
the analysis of the sequencing results.
{0088] Commercially available sequencing equipment can be used for methods provided in the
present disclosure, such as lHlumina sequencing platform and the 454/Roche platform.
Sequencing the nucleic acid can be performed using any method known in the art. For example,
sequencing can include next generation sequencing. In some instances, sequencing the nucleic
acid can be performed using chain termination sequencing, hybridization sequencing, Hlumina
sequencing {e.g., using reversible terminator dyes), 1on torrent semiconductor sequencing, mass

spectrophotometry sequencing, massively parallel signature sequencing (MPSS), Maxam-Gilbert
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sequencing, nanopore sequencing, polony sequencing, pyrosequencing, shotgun sequencing,
single molecule real time (SMRT) sequencing, SOLiD sequencing (hybridization using four
fluorescently labeled di-base probes), universal sequencing, or any combination thereof.

{0089] One sequencing method that can be used in the methods as provided herein can involve
paired end sequencing, e.g., using an Hlumina "Paired End Module” with its Genome Analyzer.
Using this module, after the Genome Analyzer has completed the first sequencing read, the
Paired- End Module can direct the resynthesis of the original templates and the second round of
cluster generation. By using paired end reads in the methods provided herein, one can obtain
sequence information from both ends of the nucleic acid molecules and map both ends to a
reference genome, e.g., a genome of a pathogen or a genome of a host organism. After mapping
both ends, one can determine a pathogen integration profile according to some embodiments of
the methods as provided herein.

{0090} During paired-end sequencing, the sequence reads from a first end of the nucleic acid
molecule can comprise at least 20, at least 25, at feast 30, at least 35, at feast 40, at least 45, at
least 50, at least 55, at least 60, at least 65, at least 70, at least 75, at least 80, at least 85, at least

90, at least 95, at least 100, at least 105, at least 110, at least 105, at least 120, at least 125, at

teast 130, at least 135, at least 140, at least 145, at least 150, at least 155, at least 160, at least
165, atleast 170, at least 175, or at least 180 consecutive nucleotides. The sequence reads from
a first end of the nucleic acid molecule can comprise at most 24, at most 28, at most 32, at most
38, at most 42, at most 48, at most 52, at most 58, at most 62, at most 68, at most 72, at most 73,
at most 82, at most 88, at most 92, at most 98, at most 102, at most 108, at most 122, at most
128, at most 132, at most 138, at most 142, at most 148, at most 152, at most 158, at most 162, at
most 168, at most 172, or at most 180 consecutive nuciectides. The sequence reads from a first
end of the nucleic acid molecule can comprise about 20, about 25, about 30, about 35, about 40,
about 45, about 50, about 55, about 60, about 65, about 70, about 75, about 80, about &5, about
90, about 95, about 100, about 105, about 110, about 105, about 120, about 125, about 130,
about 135, about 140, about 145, about 150, about 155, about 160, about 165, about 170, about
175, or about 180 consecutive nucleotides. The sequence reads from a second end of the nucleic
acid molecule can comprise at least 20, at least 25, at least 30, at least 35, at least 40, at least 45,
at least 50, at least 55, at least 60, at least 65, at least 70, at least 75, at least 80, at least 85, at
teast 90, at least 95, at least 100, at least 105, atleast 110, at least 1035, at least 120, at least 125,
at teast 130, at least 135, at least 140, at least 145, at least 150, at least 155, at least 160, at least
165, atleast 170, at least 175, or at least 180 consecutive nucleotides. The sequence reads from
a second end of the nucleic acid molecule can comprise at most 24, at most 28, at most 32, at

most 38, at most 42, at most 48, at most 52, at most 58, at most 62, at most 68, at most 72, at
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most 78, at most 82, at most 88, at most 92, at most 98, at most 102, at most 108, at most 122, at
most 128, at most 132, at most 133, at most 142, at most 148, at most 152, at mosi 158, at most
162, at most 168, at most 172, or at most 180 consecutive nuclectides. The sequence reads from
a second end of the nucleic acid molecule can comprise about 20, about 25, about 30, about 35,
about 40, about 45, about 50, about 55, about 60, about 65, about 70, about 75, about 80, about
85, about 90, about 95, about 100, about 105, about 110, about 105, about 120, about 125, about
130, about 135, about 140, about 145, about 150, about 155, about 160, about 165, about 170,
about 175, or about 180 consecutive nucleotides. In some cases, the sequence reads from a first
end of the nucleic acid molecule can comprise at least 75 consecutive nucleotides. In some
cases, the sequence reads from a second end of the nucleic acid molecule can comprise at least
75 consecutive nucleotides. The sequence reads from a first end and a second end of a nucleic
acid molecule can be of the same length or different lengths. The sequence reads from a
plurality of nucleic acid molecules from a biological sample can be of the same length or
different lengths.

18091} Sequencing in the methods provided herein can be performed at various sequencing
depth. 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 the entire genome. Sequencing depth 1o the methods provided herein can be 1x,
2%, 5%, 10x, 20x, 25x, 30x, 40x, 50x, 75x, or 100x, etc., where the number before “x” refers to
the number of times a locus 15 covered with a sequence read. Sequencing depth can also be
apphied to multiple loct, or the whole genome, in which case x can refer to the mean number of
times the loct or the haploid genome, or the whole genome, respectively, 1s sequenced. In some
cases, ultra~-deep sequencing ts performed in the methods described herein, which can refer to
performing at least 100x sequencing depth.

{0092} The number or the average number of times that a particular nucleotide within the nucleic
acid is read during the sequencing process {e.g., the sequencing depth) can be multiple times
farger than the length of the nucleic acid being sequenced. In some tustances, when the
sequencing depth is sufficiently larger {e.g., by at least a factor of 5) than the length of the
nucleic acid, the sequencing can be referred to as “deep sequencing’. In some examples, the
sequencing depth can be on average at least about 5 times greater, at least about 10 times greater,
at least about 20 times greater, at least about 30 times greater, at least about 40 times greater, at
least about 50 times greater, at least about 60 times greater, at least about 70 times greater, at
least about 80 times greater, at least about 90 times greater, at least about 100 times greater than
the length of the nucleic acid being sequenced. In some cases, the sample can be enriched for a
particular analyte {e.g., a nucleic acid fragment, or a cancer-specific nucleic acid fragment}.
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{0093] A sequence read (or sequencing reads) generated in methods provided herein can refer to
a string of nucleotides sequenced from any part or all of a nucleic acid molecule. For example, a
sequence read can be a short string of nucleotides {e.g., 20-150) complementary to a nucleic acid
fragment, a string of nucleotides complementary to an end of a nucleic acid fragment, or a string
of nucleotides complementary o an entire nucleic acid fragment that exists in the biological
sample. A sequence read can be obtained in a variety of ways, e.g., using sequencing techniques
VI. OTHER ASSAYS
{0094} In some nstances, systems and methods of the present disclosure relate to using
sequencing technology followed by bioinformatic analyses of the sequence reads to analyze a
pathogen integration profile in a biological sample, e.g., to analyze integration breakpoint. Cell-
free nucleic acids from a biological sample can be collected and subject to sequencing, e.g.,
paired-end sequencing. Sequence reads of the cell-free nucleic acids can be analyzed by the
methods and systems provided herein in order to determine a position of integration breakpoint
in a genome of a pathogen, a genome of a host organism, or both. Other technologies can also
be used as an alternative or additive approach for the analysis of integration profile, including,
but not limited to, amplification assay and microarray assay.

[0095] In some examples, methods provided herein can also comprise analyzing amplification
reactions of the nucleic acid molecules from the biological sample. The amphification reactions
can comprise a first primer complementary to a first target sequence in the genome of the
pathogen, and a second primer complementary to a second target sequence in the genome of the
organism. Amplification reactions can be designed to amplify pathogen integration regions
where nucleic acid sequence from a pathogen joins nucleic acid sequence from a host organism.
Having the knowledge of integration breakpoints characteristic of certain classification of cancer
can help design such amplification reactions. In some cases, the amplification reactions
comprise polymerase chain reaction (PCR). PCR reactions can start with at least a pair of
primers, each one of which is complementary to a sequence flanking the integration breakpoint
from a pathogen genome or a host organism genome, respectively. Alternatively, PCR reactions
can start with random probes that bind to template sequences randomly. In some cases,
amplification reactions can provide cost-effective and fast results regarding the integration
breakpoints. PCR reactions can be quantitative, which can provide guantitative insights as to the
fractional contribution of different types of pathogen integration events. In some cases, analysis
of sequences of amplicons generated by the amplification reactions can also be performed in
order to confirm the integration breakpoints. Alternatively or additionally, amplification
reactions and sequence analysis of amplicons can be performed as a step of target-specific

enrichment, therefore providing potentially more robust readout. Different variants of PCR
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reactions that can be used for the systems and methods described herein include multiplex-PCR,
asymmetric PCR, Klenow-based PCR, nested PCR, quantitative PCR, real ime-PCR, hot-start
PCR, touchdown PCR, assembly PCR, COLD-PCR (co-amplification at lower denaturation
temperature-PCR), two-tatled PCR, ligation-mediated PCR, and methylation-specific PCR.
While examples and embodiments have been provided herein, additional technigues and
embodiments related to, e.g., digital PCR and random sequencing, can be found in US Patent
8,722,334, filed October 28, 2010, US Provisional Application 60/951,4338, filed July 23, 2007,
and US Patent 9,121,069, filed July 8, 2013, each of which is entirely incorporated herein by
reference.

100961 In some other cases, any other sequence assays, such as microarray assay, can be used to
obtain sequence information of nucleic acid molecules, e.g., cell-free nucleic acids, from a
biological sample. For instance, the microarray can comprise probes targeting both host
genomic sequence and pathogen genomic sequence, in order to detect chimeric fragroents as
described herein. In other examples, a microarray can be designed to detect a location of
pathogen integration breakpoints in nucleic acid molecules that are applied to the microarray.
{06971 In some instances, the sample analyses as described herein can be supplemented and/or
confirmed by assays with different principles and/or approaches. For example, analyses of cell-
free DNA in plasma sample can generate a series of results showing preferred pathogen
integration breakpoints that are associated with a particular type of cancer. In some instances,
the sensitivity and specificity of these results from cell-free DNA sample can be assessed by
sequencing, e.g., whole-genome sequencing, of transformed cancer cells of the particular type,
such as trom biopsy tumor samples. Alternatively, relatively simpler and cost-effective
approaches can also be applied, for instance, gualitative or quantitative PCR reactions can be
designed to assess the breakpoints by using sequence information achieved during identification
of the candidate breakpoints.

{0098} In some instances, systems and methods provided herein relate to a first assay and a
second assay for determining a classification of pathology. The first assay can comprise a
sequencing assay, e.g., sequencing of nucleic acid molecules from a biological sample followed
by bioinformatics analysis of the sequence reads as described herein. The second assay can
comprise an amplification assay, microarray assay, or other types of assay. In some examples,
the second assay comprises a sequencing assay, whereas the first assay comprises an
amplification assay, microarray assay, or other types of assay. In some cases, the first assay,
e.g., sequencing assay, is used to determine a pathogen integration profile, e.g., a location of one
or more pathogen integration breakpoints in a genome of a pathogen or a genome of a host

organism. The pathogen integration profile from the first assay can provide guidance for the
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second assay, for example, the location of one or more pathogen integration breakpoints can
provide guidance for design of PCR probes or microarray probes for the second assay. In some
examples, a human subject, e.g., a patient, suspected of being infected by a pathogen, e.g., HPV,
can be tested by a first assay for determining a pathogen integration profile. The pathogen
integration profile can be used to determine a classification of pathology. The patient can be
diagnosed of a disease, e.g., a cancer, e.g., a cervical carcinoma, based at least in part on the first
assay. The patient can thus be subject to a second assay, which can be used to continue
montitoring the pathogen integration profile in the biological sample from the patient, e.g., after
administering a therapy to the patient, or after a surgery is performed on the subject. The
continued monitoring of the pathogen integration profile can be used for monitoring of the
disease the patient has been diagnosed of, for example, for monitoring the progression or
regression of the disease. In some examples, a first assay can be used as a screening assay for
one or more diseases/conditions, whereas a second assay can be sued as a confirmation assay for
the one ot more diseases/conditions.

ViE CLASSIFICATION OF PATHOLOGY

16699} Analysis of integration breakpoint in a genome of a pathogen that integrates tn a genome
of an organism can be used to determine a classification of a pathology. For instance, methods
provided herein can comprise analysis of viral DNA integration profile, e.g., analysis of a
breakpoint in HPV viral genome that integrates in a human host organism genome, and can
further comprise determining cancer type based on the viral DNA integration profile. Pathology
can generally refer to a human condition or disease that deviates from a healthy condition. Non-
limiting examples of pathology that is associated with pathogen integration and the methods and
systems provided herein are applicable to can include adult T-cell leukemia, tropical spastic
paraparesis, cervical cancer, head and neck cancer, anogenital cancer, Kaposi’s sarcoma,
Burkiit’s lymphoma, hepatocellular carcinoma, Merkel cell carcinoma, AIDS, brain cancer, bone
cancer, mesothelioma, prostate cancer, and B-cell lymphoma.

{06106] 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, a benign
tumor does not have the capacity to infiltrate, invade or metastasize to distant sites. A

“malignant” tumor can be poorly differentiated (anaplasia), and have characteristically rapid
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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.
{00101} In some aspects, methods provided herein can comprise analysis of chromosomal
rearrangement, e.g., copy number variation, deficiencies, duplications, inversions, and
transiocations, and can further comprise determining pathology associated with the chromosomal
rearrangement. Pathology associated with chromosomal rearrangerment that the methods and
systems provided herein are applicable to can include near all types of cancer and variocus types
of genetic diseases, ¢.g., Wolt-Hirschhorn syndrome, Jacobsen syndrome, Charcot-Marie-Tooth
disease type 1A, Angelman syndrome, Turner Syndrome, 22q11.2 deletion syndrome, Triple X
Syndrome, Williams Syndrome, Cri du Chat Syndrome, Cat Eye Syndrome, 1q21.1 duplication
syndrome, 15q13.3 microdeletion syndrome, 16p11.2 deletion syndrome, 17¢23.1¢23.2
microdeletion syndrome, 1q duplication syndrome, 1g21.1 microdeletion syndrome, 22¢g11.2
deletion syndrome, 22q11.2 duplication syndrome, 2¢g23.1 microdeletion syndrome, 2¢37
deletion syndrome, 47 XXX syndrome, 47, XYY syndrome, 49, XXXXX syndrome, Diploid-
triploid mosaicism, Distal chromosome 18q deletion syndrome, Emanuel syndrome, Kleefstra
Syndrome, Koolen de Vries Syndrome, Mosaic monosomy 13, Nablus mask-like facial
Syndrome, Pallister-Killian Mosaic Syndrome, Smith-Magenis Syndrome, Tetrasomy 9p
Syndrome, Tetrasomy X Syndrome, Triploidy Syndrome, Trisomy 13 Syndrome, Trisomy 17
mosaicism, and Trisomy 2 mosaicism.

/IH. CLASSIFICATION OF CANCER
[06102] Viral DNA integration breakpoint can be used as a basis for classification of cancer
according to methods mentioned herein. In some cases, other classification of pathology, e.g.,
cancer, can also take advantage of the methods provided in the present disclosure.
1800103] Classification of cancer can comprise a presence or an absence of a cancer. Methods
provided herein can be used to determination classification of any type of cancer, such as, but
not limited to, bladder cancer, bone cancer, a brain tumor, breast cancer, carcinoma of cervix,
colorectal cancer, esophageal cancer, gastrointestinal cancer, hematopoietic malignancy, head
and neck squamous cell carcinoma, leukemia, liver cancer, lung cancer, lymphoma, myeloma,
nasal cancer, nasopharyngeal cancer, oral cancer, oropharyngeal cancer, ovarian cancer, prostate
cancer, sarcoma, stomach cancer, or thyroid cancer.
[06104] Classification of cancer can comprise a level of cancer or a stage of cancer. A level of
cancer or a stage of cancer {e.g., Stage I, 1L, II], or IV} can refer to a size of tumor, a presence or
an 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
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include premalignant or precancerous conditions (states) associated with mutations or a number
of mutations.

{00105} Classification of cancer can also be used in various ways. In some instances,
classification of cancer comprises progression of cancer or regression of cancer. In some
instance, classification of cancer comprises prognostication or prediction of progression or
regression of cancer with or without treatment of the cancer. For example, methods and systems
as described herein can be used to determine 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 some cases, the prognosis can be expressed as the chance of a
patient dying of cancer, or the chance of the cancer progressing after a specific duration or time,
or the chance of cancer metastasizing.

{06106} Classification of cancer, in some instances, comprises a type of cancer, for instance,
carcinoma of cervix {CC) or head and neck squamous cell carcinoma (HNSCC). FIG. 6 shows
distribution of viral integration breakpoints in HPV 16 genome based on analysis of cell-free
DINA from plasma samples of patients with carcinoma of cervix and HPV positive head and neck
squamous cell carcinoma, respectively. As shown in the figure, there can be shared preferred
integration breakpoints between carcinoma of cervix and HPV-positive head and veck squamous
cell carcinoma (region A). On the other hand, there can also be preferred integration breakpoints
characteristic of a certain type of cancer, for instance region B shows HNSCC-preferred
integration breakpoints.

{00107} Viral integration breakpoints characteristic of certain classification of cancer, e.g., type
of cancer, can be identified using methods provided herein; tn some cases, in order to determine
classification of cancer, similar methods can be applied to determine the viral integration
breakpoints, where sequence reads of nucleic acid molecules from a biological sample are
analyzed.

X, PATHOGEN INTEGRATION: VIRAL INTEGRATION

{00108} Methods and systems provided herein can be used to detect to different types of viral
integration that may exist in a host organism genome, such as mandatory integration. Mandatory
integration into host organism genome can be an obligatory event during viral replication for
some viruses, such as retroviridae, pseudoviridae, metaviridae, some myoviridae and
siphoviridae. Integration of the viral DNA can result in permanent insertion of the viral genome
into the host organism chromosomal DNA, referred as a provirus in the case of retroviruses or
prophage 1n the case of prokaryotic viruses. Methods and systerus provided herein can be used

to detect occasional integration. Occasional integration may not be necessary during viral
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replication for some viruses, but can confer some advantages to the host/virus couple. Methods
and systems provided herein can be used to detect endogenous viral elements (EVE). Some
endogenous viruses can be integrated and “fossilized” into a host organism genome, through a
rare and sometimes accidental process, including endogenous retroviruses, and rare RNA virus
integration. One example of EVE includes endogenous retroviruses that become integrated in
the germline. An integrated genome of endogenous retro-viruses can remain latent and be
passively replicated along with the host organism genome and passed on to the cell’s offspring.
A host organism’s environmental condition changes can however reactivate the virus leading to
viral transcription and production of new infectious viruses {productive infection).

{00109} Methods and systems provided herein can be used to analyze DNA viruses and RNA
VIruses.

{00118} Methods and systems provided herein can be used to analyze integration of DNA
viruses. The genome of DNA viruses can be a potential substrate for host organism genome
integration, without the need for prior processing. Upon infection of a cell, a genome of DNA
viruses can be translocated to the nucleus, where it can remain as an episome to ensure viral
persistence or become integrated into a genome of the host cell.

{00111} Methods and systems provided herein can be used to investigate integration of Herpes
viruses. Herpes viruses can be DNA enveloped viruses, and can be classified in three families
based on their sequence phylogeny: a, B and v herpes viruses. They can contain a linear double
stranded DNA that 15 delivered in the nucleus upon viral entry and circularized. A herpes virus
can remain episomal, e.g., as an extrachromosomal circular DNA. Some herpes viruses can
integrate their genome into the host chromosomes. Examples of Herpes viruses include Epstein-
Barr virus (EBV) and Human Herpes Virus-6 (HHV-6).

180112] Methods and systems provided herein can be used to analyze integration of human
papillomaviruses (HPV). HPV DNA can integrate into genome of host cells. DNA damage and
agents that can induce DNA damage, e.g., double strand breaks (DSBs) can play a role in HPV
integration.

188113] Methods and systems provided herein can be used to analyze integration of Hepatitis B
Virus (HBV). HBV can cause or play a role 1n the development of hepatocellular carcinoma.
Puring acute infection, HBV can integrate its genome into the host chromosomes and present
several similarities with retroviral integration.

[86114] Methods and systems provided herein can be used to analyze integration of Adeno-
Associated Virus type 2 (AAV-2). The adeno-associated virus AAY can be a widespread virus
classified among the parvoviridae family. Replication of AAV can be strictly conditioned by the

presence in the same infected cell of helper viruses such as adenoviruses, human
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papillomaviruses (HPV) or herpes simplex viruses (HSV). In absence of helper viruses, AAV
can integrate its genome iu a site~-specific way.

{00115} Methods and systems provided herein can be used to analyze integration of RNA
viruses. The viral RNA genome of a retrovirus can be reverse transcribed into a linear double-
strand DNA molecule {viral DNA intermediate}, which can thus be the substrate for subsequent
viral genome integration into the host genome. For retroviruses, integration can be a mandatory
step for productive infection. The genome of other RNA viruses can also be identified in a host
genome. In these cases, integration can occur incidentally, such as for lymphocytic
chortiomeningitis virus {LCMV}. Methods and systems provided herein can also help elucidate
the role of RNA virus integration in viral life cycle as well as pathology development in the host
organism.

X VIRAL INTEGRATION AND CANCER

{06116] In some examples, the methods and systems provided herein can be used to determine a
classification of cancer by determining viral integration.

{00117} In some cases, the methods and systems provided herein can be used to analyze tumor
viruses (ot oncoviruses), which can directly cause cancer in etther experimental animals or
humans. There are several families of tumor viruses, including, hepatitis B virus (liver cancer),
paptllomaviruses (cervical and other anogenital cancers), Epstein-Barr virus (Burkitt's lymphoma
and nasopharyngeal carcinoma), Kaposi's sarcoma-associated herpesvirus (Kapost's sarcomal,
polyomavirus (Merkel cell carcinoma) and hurnan T-cell lyvmphotropic virus {(adult T-cell
leukemia). Five of the six non-limiting families have DNA genomes and are referred to as DNA
tumor viruses, and another family are the retroviruses, which have RNA genomes in virus
particies but can replicate via synthesis of a DNA provirus in infected cells. In addition, HIV
can be indirectly responsible for the cancers that develop in AIDS patients as a result of
immunodeficiency, and hepatitis C virus {an RNA virus} can be an indirect cause of liver cancers
resulting from chronic tissue damage.

{00118] Methods and systems provided herein can be used to analyze integration of HBV for
determining HBV-asscociated conditions/diseases like hepatocellular carcinoma (HCC). HBVs
can infect liver cells of several species, including ducks, woodchucks, squirrels, and humans.
Infection with hepatitis B virus can result in acute liver damage. Hepatitis B virus infection can
be common in parts of Asia and Africa, where it can be associated with up to a million cases of
liver cancer annually (approximately 10% of worldwide cancer incidence). Cell transformation
by hepatitis B virus can be mediated by a viral gene {(called the X gene) that affects expression of
a variety of cellular genes that drive abuormal cell proliferation and survival., In addition, the

development of cancers induced by hepatitis B virus can be driven by the continual proliferation
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of liver cells that results from chronic tissue damage. Methods and systems provided herein can
be used to diagnose, montitor, or prognosticate pathology associated with any genotype or
serotype of Hepatitis B viruses, such as genotype F, E, A B, C, and D, and various subtypes
thereof.
{00119} HBV can be associated with HCC. HBV is a partially double-stranded DNA
hepadnavirus with retroviral features. Integration of the HBY genome into a cellular genome
can be present in over 85%-90% of HBV-related HCCs. However, the integrated form of HBY
can be also present in non-tumor tissue of patients with chronic HBV infections. Integration of
the HBV genome into hepatocytes can occur during persistent HBV infection and precede
development of HCC. HBYV integration can lead to the elevated expression of several cellular
cancer-related genes, such as TERT, mixed-lineage leukemia 4 (MLL4) and CCNEL! {encoding
cyclin E1). HBY integration can also be associated with early onset of HCC and poor outcomes,
{00126] Methods and systems provided herein can be used to determine papillomavirus
integration profile to assess papillomavirus-associated conditions/diseases like cervical
carcinoma. Papillomaviruses can be small DNA viruses {(genomes of approximately 8 kb) that
can induce both benign and malignant tumors in humans and a variety of other animal species.
Approximately 60 different types of human papillomaviruses, which can infect epithelial cells of
several tissues, have been identified. Some of these viruses can cause only benign tumors (such
as warts}, whereas others can be causative agents of malignant carcinomas, particularly cervical
carcinoma, head and neck squamous cell carcinoma (HNSCC) and other anogenital cancers.
Methods and systems provided herein can be used to differentiate different types of pathology,
e.g., cancer, associated with HPVs, Methods and systems provided herein can also be used to
analvze any type of papillomavirus, including HPV types 6, 11, 16, 18, 31, 33, 35, 39, 45, 51, 52,
56, 58, 59, 68, 73 and 82.
{00121] A subset of HPVs can infect the anogenital area, and within this subset, the individual
types can be classified as either high risk or low risk. High-risk HPVs can cause cancerous
iesions, while low-risk HPVs do not. A difference between high- and tow-risk HPVs can be that
high-risk HPVs show a greater tendency to integrate into the host genome, thereby causing high-
grade lesions and cancer, while low-risk types can be preferentially maintained as
extrachromosomal circular episomes. HPV can cause virtually all cases of cervical cancer,
which can be the second most common cancer in women worldwide and the fourth most
common cause of cancer death in women worldwide. HPV16, HPV 18, HPV31 and HPV33 can
account for 90% of all cases of cervical cancer. Among these high-risk HPVs, HPV type 1618
the most prevalent type and by itself can account for more than 50% of all cases of cervical

cancer. High-risk HPV infection can also be associated with several other anogenital and
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oropharyngeal cancers. For example, it 1s thought to be responsible for more than 90% of anal
cancers, 70% of vaginal and vulvar cancers, 60% of penile cancers and 63% of oropharyngeal
cancers. 95% of patients with precancerous lesions of the cervix can harbor HPV, only a small
fraction of these can eventually progress to invasive carcinoma. Three premalignant stages,
cervical intraepithelial neoplasia (CIN}1, CINZ, and CIN3, can precede development of invasive
carcinoma. CINI lesions can regress spontaneously, with only a few lesions progressing to
CIN2/CIN3 and eventually to 1nvasive carcinoma. Progression of cervical cancer in HPV-
infected women can be tightly linked to integration status, and the frequency with which HPV is
found integrated in cervical cancers can be conststently high. For example, 100% of HPV 18-,
80% of HPV16- and 81% of HPV3 1-positive cancers can show viral integration. Methods and
systems provided herein can be usetul for prognosticating and monitoring cancer, e.g., cervical
cancer by determining a HPV integration profile in subject.

186122] Methods and systems provided herein can be used to determine herpesviruses
integration profile to assess herpesviruses-associated conditions/diseases like nasopharyngeal
cancer. Herpesviruses can be among the most complex animal viruses, with genomes of 100 to
200 kb. Several herpesviruses can induce tumors in animal species, including frogs, chickens,
and monkeys. In addition, two members of the herpesvirus family, Kaposi's sarcoma-associated
herpesvirus and Epstein-Barr virus, can be associated with hurman cancers. Kaposi's sarcoma-
associated herpesvirus can play a critical role in the development of Kaposi's sarcomas, and
Epstein-Barr virus can be implicated in several human malignancies, including Burkiit's
lymphoma in some regions of Africa, B-cell lvmphomas in AIDS patients and other
immunosuppressed individuals, and nasopharyngeal carcinoma in China. Methods and systems
provided herein can be used to analyze integration of different genera of herpesviruses like
Hitovirus, Proboscivirus, Cytomegalovirus, Mardivirus, Rhadinovirus, Macavirus, Roseolovirus,
Simplexvirus, Scutavirus, Varicellovirus, Percavirus, [ ymphocrypiovirus, and Muromegalovirus,
human herpesviruses like Herpes simplex virus-1 (HSV-1}, Herpes simplex virus-2 (HSV-2},
Varicella zoster virus (VZV), Epstein—Barr virus (EBV), lymphocryptovirus, Cytomegalovirus
(CMV), Roseolovirus, Herpes lymphotropic virus, and Kaposi's sarcoma-associated herpesvirus,
(KSHYV), and zoonotic herpesviruses like Cercopithecine herpesvirus-1, and Murid herpesvirus
68 (MHV-68).

{00123} EBV is a double-stranded DINA herpesvirus that can be primarily associated with
Burkitt’s lvmphoma, nasopharyngeal carcinoma and several lymphoproliferative disorders.
Burkitt’s lymphoma can appear in three main clinical variants—the endemic, sporadic and
immunodeficiency-associated variants. EBV can be detected in 96% of cases of endemic variant

Burkitt’s lymphoma involving the jaw, which is the most common malignancy of children in
f‘/ fowd J s o .
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certain areas of central Africa. In contrast, EBYV can rarely be associated with the sporadic
variant of Burkitt’s lymphoma, and the jaw 15 less commonly involved. EBV-associated
Burkitt’s lymphoma can be common in individuals lacking efficient T-cell function, such as
AIDS patients or transplant recipients.

{00124} EBVY can persist in an episomal state with multiple copies of circular DNA, but EBY
integration into fragile sites of the host chromosome can be associated with partial deletion of the
viral genome and can generate a region of enhanced chromatin instabtlity in the host cell
genome. This genome instability can induce the loss of host genes, such as BACH2, which can
be a putative tumor suppressor gene, and this can coniribute to lymphomagenests.

{00125} In addition to Burkitt’s lymphoma, EBV can also be associated with nasopharyngeal
carcinoma {NPC). The unditferentiated form of NPC, classified by WHO as type I, can show
consistent association with EBV worldwide, e.g., in particular areas of China and south-gast
Asia.

{00126] Methods and systems provided herein can be used to determine Merkel cell
polyomavirus (MCV) integration profile to assess MCV-associated conditions/diseases like
Merkel cell carcinoma (MCC). MCV can be a double-stranded DNA polyomavirus, which can
be associated with MCC. These tumors can display MCV DNA in an integrated form within the
tumor cell genomes n a clonal pattern. MCV infection and integration can contribute to clonal
expansion of the tumor cells. The MCV genome can encode multiple splice variants of a tumor
(T) antigen protein coroplex that targets several tumor suppressor proteins, such as pRB and p53.
One of these splice variants, the large tumor antigen, can be mutated in MCV-positive MCC
tumors cells, and this selective mutation can atfect the cellular DNA damage response to prevent
auto-activation of integrated virus replication, disrupt host genomic integrity and inhibit cellular
proliferation MCV can frequently and selectively associate with MCV.

{00127] Members of one family of RNA viruses, the retroviruses, can cause cancer in a variety
of animal species, including humans. For instance, retroviruses like human T-cell leukemia
virus can cause adult T-cell leukemia, which can be common in parts of Japan, the Caribbean,
and Africa. Different retroviruses can differ substantially in their oncogenic potential. Methods
and systems provided herein can be used to differentiate pathology, e.g., cancer, associated with
retroviruses. Methods and systems provided herein can be used to analyze any type of
retroviruses, including exogenous retroviruses like members of genus 4lpharetrovirus,
Betaretrovirus, Gammaretrovirus, Deltaretrovirus, Fpsilonretrovirus, Lentivefrovirus, and

Spumavirus, and various endogenous retroviruses.
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X1 BIOLOGICAL SAMPLE
{00128] The biological sample used in methods as provided herein can include any tissue or
material derived from a living or dead subject. A biological sample can be a celi-free sample. A
biological sample can comprise a nucleic acid {e.g., DNA or RNA) or a fragment thereof. The
nucleic acid in the sample can be a cell-free nucleic acid. A sample can be a liguid sample or a
solid sample (e.g., a cell or tissue sample). The biological sample can be a bodily tluid, 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,
bronchealveolar lavage fluid, discharge fluid from the nipple, aspiration fluid from different
parts of the body (e.g., thyroid, breast), etc. Stool samples can also be used. 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-free). The 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 are used to prepare the sample for analysis.
{00129} Methods and systems provided herein can be used to analyze nucleic acid molecules in
a biological sample. The nucleic acid molecules can be cellular nucleic acid molecules, cell-free
nucleic acid molecules, or both. The cell-free nucleic acids used by methods as provided herein
can be nucleic acid molecules outside of cells in a biological sample. The cell-free nucleic acid
molecules can be present in various bodily fluids, e.g., blood, saliva, semen, and urine. Cell-free
DNA molecules can be generated owing to cell death in various tissues that can be caused by
health conditions and/or diseases, e.g., viral infection and tumor growth., Cell-free nucleic acid
molecules can comprise sequences generated as a result of pathogen integration events.
{00130] Cell-free nucleic acid molecules, e.g., celi-free BNA, used in methods as provided
herein can exist in plasma, urine, saliva, or serum. Cell-free DNA can occur naturally in the
form of short fragments. Cell-free DNA fragmentation can refer to the process whereby high
molecular weight DINA (such as DNA in the nucleus of a cell) are cleaved, broken, or digested to
short fragments when cell-free DNA molecules are generated or released. Methods and systerns
provided herein can be used to analyze cellular nucleic acid molecules in some cases, for
instance, cellular DNA from a tumor tissue, or cellular DNA from white blood cells when the
patient has leukemia, lymphoma, or myeloma. Sample taken from a tumor tissue can be subject
to assays and analyses according to some examples of the present disclosure.

X1L. SUBJECTS
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{00131} Methods and systems provided herein can be used to analyze sample from a subject,
e.g., organism, e.g., host organism. The subject can be any human patient, such as a cancer
patient, a patient at risk for cancer, or a patient with a family or personal history of cancer. In
some cases, the subject is in a particular stage of cancer treatment. To some cases, the subject
can have or be suspected of having cancer. In some cases, whether the subject has cancer is
unknown.

106132] A subject can have any type of cancer or tumor. o an example, a subject can have
nasopharyngeal cancer, or cancer of the nasal cavity. In another example, a subject can have
oropharyngeal cancer, or cancer of the oral cavity. Non-limiting examples of cancer can include,
but are not limited to, adrenal cancer, anal cancer, basal cell carcinoma, bile duct cancer, bladder
cancer, cancer of the blood, bone cancer, a brain tumor, breast cancer, bronchus cancer, cancer of
the cardiovascular system, cervical cancer, colon cancer, colorectal cancer, cancer of the
digestive system, cancer of the endocrine system, endometrial cancer, esophageal cancer, eye
cancer, galibladder cancer, a gastrointestinal tumor, hepatocellular carcinoma, kidney cancer,
hematopoietic malignancy, laryngeal cancer, leukenua, liver cancer, lung cancer, lymphoma,
melanoma, mescthelioma, cancer of the muscular system, Myelodysplastic Syndrome (MDS),
myeloma, nasal cavity cancer, nasopharyngeal cancer, cancer of the nervous system, cancer of
the lymphatic system, oral cancer, oropharyngeal cancer, osteosarcoma, ovarian cancer,
pancreatic cancer, penile cancer, ptiuitary tumors, prostate cancer, rectal cancer, renal pelvis
cancer, cancer of the reproductive system, cancer of the respiratory system, sarcoma, salivary
gland cancer, skeletal system cancer, skin cancer, small intestine cancer, stomach cancer,
testicular cancer, throat cancer, thymus cancer, thyroid cancer, a tumor, cancer of the urinary
system, uterine cancer, vaginal cancer, or vuivar cancer. The lymphoma can be any type of
lymphoma including B-cell lymphoma {(e.g., diffuse large B-cell lymphoma, follicular
lymphoma, small lymphocytic lymphoma, mantle cell lymphoma, marginal zone B-cell
lymphoma, Burkitt lvmphoma, lymphoplasmacytic tymphoma, hairy cell leukemia, or primary
central nervous system lymphoma) or a T-cell lymphoma (e.g., precursor T-lymphoblastic
tymphoma, or peripheral T-cell lymphoma). The leukemia can be any type of leukemia including
acute leukemia or chronic leukemia. Types of leukemia include acute myeloid leukemia, chronic
myelotd leukemia, acute lymphocytic leukemia, acute undifferentiated leukemia, or chronic
lymphocytic leukemia. In some cases, the cancer patient does not have a particular type of
cancer. For example, in some instances, the patient can have a cancer that is not breast cancer.
180133] Examples of cancer include cancers that cause solid tumors as well as cancers that do

not cause solid tumors. Furthermore, any of the cancers mentioned herein can be a primary
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cancer {e.g., a cancer that is named after the part of the body where it first started to grow) or a
secondary or metastatic cancer {(e.2., a cancer that has originated from another part of the body).
{00134} A subject diagnosed by any of the methods described herein can be of any age and can
be an adult, infant or child. In some cases, the subject1s 0, 1,2,3,4,5,6,7,8,9,10, 11, 12, 13,
14,15, 16, 17, 18, 19,20, 21, 22, 23, 24, 25, 26, 27, 28, 29. 30, 31, 32, 33, 34, 35, 36, 37, 38, 39,
40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65,
66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91,
92, 93,94, 95, 96, 97, 98, or 99 years old, or within a range therein {e.g., between 2 and 20 years
old, between 20 and 40 years old, or between 40 and 90 years old}. A particular class of patients
that can benefit can be patients over the age of 40. Another particular class of patients that can
benefit can be pediatric patients. Furthermore, a subject diagnosed by any of the methods or
compositions described herein can be male or female.

{06135} In some embodiments, a method of the present disclosure can detect a tumor or cancer
in a subject, wheretn the tumor or cancer has a geographic pattern of disease. In an example, a
subject can have an EBV-related cancer {e.g., nasopharyngeal cancer), which is prevalent in
South China {e.g., Hong Kong SAR). In another example, subject can have an HPV-related
cancer {e.g., oropharyngeal cancer), which can be prevalent in the United States and Western
Europe. To yet another example, a subject can have a Human T-lymphotrophic virus-1 (HTLV-
Iy-related cancer {e.g., adult T-cell leukemia/lymphoma}, which can be prevalent in southern
Japan, the Caribbean, central Africa, parts of South America, and 1n some imroigrant groups in
the southeastern United States.

{00136] Any of the methods disclosed herein can also be performed on a non-human subject,
such as a faboratory or farm animal, or a cellular sample derived from an organism disclosed
herein. Non-limiting examples of a non-human subject include a dog, a goat, a guinea pig, a
hamster, a mouse, a pig, a non-human primate (e.g., a gorilla, an ape, an orangutan, a lemur, or a
baboon}, a rat, a sheep, a cow, or a zebratish.

XUL COMPUTER SYSTEM

{00137} Any of the methods disclosed herein can be performed and/or controlled by one or
more computer systems. In some examples, any step of the methods disclosed herein can be
wholly, indtvidually, or sequentially performed and/or controlied by one or more computer
systems. Any of the computer systems mentioned herein can utilize any suitable number of
subsystermns. In some embodiments, a computer system includes a single computer apparatus,
where the subsystems can be the components of the computer apparatus. In other embodiments,

a computer system can include multiple computer apparatuses, each being a subsystem, with
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internal components. A computer system can include desktop and laptop computers, tablets,
mobile phones and other mobile devices.

{00138} The subsystems can be interconnected via a system bus. Additional subsystems include
a printer, keyboard, storage device(s), and monitor that 1s coupled to display adapter. Peripherals
and input/output (/0 devices, which couple to VO controlier, can be connected to the computer
system by any number of connections known in the art such as an input/output (VO) port {e.g.,
USB, FireWire®™). For example, an VO port or external interface (e.g., Ethernet, Wi-Fi, etc.) can
be used to connect computer system to a wide area network such as the Internet, a mouse input
device, or a scanner. The interconnection via system bus allows the central processor to
communicate with each subsystem and to control the execution of a plurality of instructions from
system memory or the storage device(s) {e.g., a fixed disk, such as a hard drive, or optical disk),
as well as the exchange of information between subsystems. The system memory and/or the
storage device(s) can embody a computer readable medium. Another subsystem 1s a data
collection device, such as a camera, microphone, accelerometer, and the like. Any of the data
mentioned herein can be output from one component to another component and can be output to
the user.

{00139] A computer system can include a plurality of the same components or subsystems, e.g.,
connected together by external interface or by an internal interface. In some embodiments,
computer systems, subsystem, or apparatuses can communicate over a network. In such
instances, one computer can be cousidered a client and another cormputer a server, where each
can be part of a same computer system. A client and a server can each include multiple systems,
subsystems, or components.

106148] The present disclosure provides computer control systems that are programmed to
implement methods of the disclosure. FIG. 8 shows a computer system 1101 that is
programmed or otherwise configured to detect a chimertic nucleic acid fragment, or to determine
a pathogen integration profile in a nucleic acid molecule, or to determine a classification of
pathology as described herein. The computer systern 1101 can implement and/or regulate
various aspects of the methods provided in the present disclosure, such as, for example,
controlling sequencing of the nucleic acid molecules from a biological sample, performing
various steps of the bioinformatics analyses of sequencing data as described herein, integrating
data collection, analysis and result reporting, and data management. The computer system 1101
can be an electronic device of a user or a computer system that is remotely located with respect
to the electronic device. The electronic device can be a mobile electronic device.

100141] The computer system 1101 includes a central processing unit {CPU, also “processor”
and “computer processor” herein} 1105, which can be a single core or multi core processor, or a
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plurality of processors for parallel processing. The computer system 1101 also includes memory
or memory location 1110 (e.g., random-access memory, read-only memory, flash memory),
electronic storage unit 1115 {e.g., hard disk), communication interface 1120 (e.g., network
adapter) for communicating with one or more other systems, and peripheral devices 1125, such
as cache, other memory, data storage and/or electronic display adapters. The memory 1110,
storage urut 1115, interface 1120 and peripheral devices 1125 are in communication with the
CPU 1103 through a communication bus (solid lines), such as a motherboard. The storage unit
1115 can be a data storage unit {or data repository) for storing data. The computer system 1101
can be operatively coupled to a computer network (“network”) 1130 with the aid of the
communication interface 1120. The network 1130 can be the Internet, an internet and/or
extranet, or an intranet and/or extranet that is in communication with the Internet. The network
1130 in some cases is a telecommunication and/or data network., The network 1130 can include
one or more computer servers, which can enable distributed computing, such as cloud
computing. The network 1130, in some cases with the aid of the computer system 1101, can
implement a peer-to-peer network, which may enable devices coupled to the computer system
1101 to behave as a client or a server.

{00142] The CPU 1105 can execute a sequence of machine-readable instructions, which can be
embodied in a program ot software. The instructions may be stored in a memory location, such
as the memory 1110, The instructions can be directed to the CPU 1105, which can subsequently
program or otherwise configure the CPU 1105 to implement methods of the present disclosure.
Examples of operations performed by the CPU 1105 can include fetch, decode, execute, and
writeback.

{00143} The CPU 1105 can be part of a circuit, such as an integrated circuit. One or more other
components of the system 1101 can be included in the circuit. In some cases, the circuit is an
application specific integrated circuit (ASIC).

{00144} The storage unit 1115 can store files, such as drivers, libraries and saved programs.

The storage unit 1115 can store user data, e.g., user preferences and user programs. The
computer system 1101 in some cases can include one or more additional data storage units that
are external to the computer system 1101, such as located on a remote server that is in
communication with the computer system 1101 through an intranet or the Internet.

{00143] The computer system 1101 can communicate with one or more remote computer
systems through the network 1130. For instance, the computer system 1101 can communicate
with a remote computer system of a user {e.g., a Smart phone installed with application that
recetves and displays results of sample analysis sent from the computer systern 1101}, Examples
of remote computer systems include personal computers {e.g., portable PC}, slate or tablet PC’s
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(e.g., Apple® iPad, Samsung® Galaxy Tab), telephones, Smart phones (e.g., Apple® Phone,
Android-enabled device, Blackberry®), or personal digital assistants. The user can access the
computer system 1101 via the network 1130
{00146] Methods as described herein can be implemented by way of machine {e.g., computer
processor ) executable code stored on an electronic storage location of the computer system 1101,
such as, for example, on the memory 1110 or electronic storage unit 1115, The machine
executable or machine readable code can be provided in the form of software. During use, the
code can be executed by the processor 1105, In some cases, the code can be retrieved from the
storage unit 1115 and stored on the memory 1110 for ready access by the processor 1105, In
some situations, the electronic storage unit 1115 can be precluded, and machine-executable
instructions are stored on memory 1110,

{00147} The code can be pre-compiled and configured for use with a machine having a
processer adapted to execute the code, or can be compiled during runtime. The code can be
supplied in a programming language that can be selected to enable the code to execute in a pre-
compiled or as-compiled fashion.

{00148] Aspects of the systems and methods provided herein, such as the computer system
1101, can be embodied in programming. Various aspects of the technology may be thought of as
“products” or “articles of manufacture” typically in the form of machine {or processor)
executable code and/or associated data that is carried on or embodied in a type of machine
readable medium. Machine-executable code can be stored on an electronic storage unit, such as
memory {e.g., read-only memory, random-access memory, flash memory) or a hard disk.
“Storage” type media can include any or all of the tangible memory of the computers, processors
or the like, or associated modules thereof, such as various semiconductor memortes, tape drives,
disk drives and the like, which may provide non-transitory storage at any time for the software
programming. All or portions of the software may at times be communicated through the
Internet or various other telecommunication networks. Such communications, for example, may
enable loading of the software from one computer or processor into another, for example, from a
management server or host computer into the computer platform of an application server. Thus,
another type of media that may bear the software elements includes optical, electrical and
electromagnetic waves, such as used across physical interfaces between local devices, through
wired and optical landline networks and over various air-links. The physical elements that carry
such waves, such as wired or wireless links, optical links or the like, also may be considered as
media bearing the software. As used herein, unless restricted to non-transitory, tangible
“storage” media, terms such as computer or machine “readable medium” refer to any medium

that participates in providing instructions to a processor for execution.

-85~



WO 2020/006370 PCT/US2019/039750
{00149} Hence, a machine readable medium, such as computer-executable code, may take many
forms, 1ncluding but not limited to, a tangible storage medium, a carrier wave medium or
physical transmission medium. Non-volatile storage media include, for example, optical or
magnetic disks, such as any of the storage devices in any computer(s) or the hike, such as may be
used to implement the databases, etc. shown in the drawings. Volatile storage media include
dynamic memory, such as main memory of such a computer platform. Tangible transmission
media include coaxial cables; copper wire and fiber optics, including the wires that comprise a
bus within a computer system. Carrier-wave transmission media may take the form of electric or
electromagnetic signals, or acoustic or light waves such as those generated during radic
frequency (RF) and infrared (IR} data communications. Common forms of computer-readable
media therefore include for example: a floppy disk, a flexible disk, hard disk, magnetic tape, any
other magnetic medium, a CD-ROM, DVD or BVD-ROM, any other optical medium, punch
cards paper tape, any other physical storage medium with patterns of holes, a RAM, a ROM, a
PROM and EPROM, a FLASH-EPROM, any other memory chip or cartridge, a carrier wave
transporting data or instructions, cables or links transporting such a carrier wave, or any other
medium from which a computer may read programming code and/or data. Many of these forms
of computer readable media may be involved in carrying one or more sequences of one or more
instructions to a processor for execution.

[88156] The computer system 1101 can include or be in communication with an electronic
display 1135 that comprises a user interface (U} 1140 for providing, for example, results of
sample analysis, such as, but not limited to graphic showings of pathogen integration profile,
genomic location of pathogen integration breakpoints, classification of pathology (e.g., type of
disease or cancer and level of cancer), and treatment suggestion or recommendation of
preventive steps based on the classification of pathology. Examples of Ul's include, without
limitation, a graphical user interface {(GUI) and web-based user interface.

[60151] Methods and systems of the present disclosure can be implemented by way of one or
more algorithms. An algorithm can be implemented by way of software upon execution by the
central processing unit 1105, The algorithm can, for example, control sequencing of the nucleic
acid molecules from a sample, direct collection of sequencing data, analyzing the sequencing
data, or determining a classification of pathology based on the analyses of the sequencing data.
[06152] In some cases, as shown in FIG. 9, a sample 902 may be obtained from a subject 901,
such as a human subject. A sample 902 may be subjected to one or more methods as described
herein, such as performing an assay. In some cases, an assay may comprise hybridization,
amplification, sequencing, labeling, epigenetically modifying a base, or any combination thereof.

One or more results from a method may be input into a processor 904. One or more input
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parameters such as a sample identification, subject identification, sample type, a reference, or
other information may be input into a processor 904. One or more metrics from an assay may be
input into a processor 904 such that the processor may produce a result, such as a classification
of pathology (e.g., diagnosis) or a recommendation for a treatment. A processor may send a
result, an input parameter, a metric, a reference, or any combination thereof to a display 905,
such as a visual display or graphical user interface. A processor 904 may (1) send a result, an
input parameter, a metric, or any combination thereof to a server 907, (i1) receive a result, an
input parameter, a metric, or any combination thereof from a server 907, (ii1) or a combination
thereof.

{00153] Aspects of the present disclosure can be implemented in the form of control logic using
hardware {(e.g., an application specific integrated circuit or field programmable gate array) and/or
using computer software with a generally programmable processor in a modular or integrated
manner. As used herein, a processor includes a single-core processor, multi-core processor on a
same integrated chip, or multiple processing units on a single circuit board or networked. Based
on the disclosure and teachings provided herein, a person of ordinary skill in the art will know
and appreciate other ways and/or methods to implement embodiments described herein using
hardware and a combination of hardware and software.

{00154] Auy of the software compounents or functions described in this application can be
implemented as software code to be executed by a processor using any suitable computer
language such as, for example, Java, C, C++, C#, Objective-C, Swift, or scripting language such
as Perl or Python using, for example, conventional or object-oriented techniques. The software
code can be stored as a series of instructions or cormmands on a computer readable medium for
storage and/or transmission. A suitable non-transitory computer readable medium can include
random access memory (RAM), a read only memory (ROM), a magnetic medium such as a hard-
drive or a floppy disk, or an optical medium such as a compact disk (CD) or BVD (digital
versatile disk), flash memory, and the like. The computer readable medium can be any
combination of such storage or transmission devices.

{00155] Such programs can also be encoded and transmitted using carrier signals adapted for
fransmission via wired, optical, and/or wireless networks conforming to a variety of protocols,
including the Internet. As such, a computer readable medium can be created using a data signal
encoded with such programs. Computer readable media encoded with the program code can be
packaged with a compatible device or provided separately from other devices (e.g., via Internet
download). Any such computer readable medium can reside on or within a single computer
product {e.g., a hard drive, a CD3, or an entire computer system}, and can be present on or within

different computer products within a system or network. A computer system can include a

87



WO 2020/006370 PCT/US2019/039750
monitor, printer, or other suitable display for providing any of the results mentioned hereinto a
ser.

{00156] Any of the methods described herein can be totally or partially performed with a
computer system including one or more processors, which can be configured to perform the
steps. Thus, embodiments can be directed to computer systems configured to perform the steps
of any of the methods described herein, with different components performing a respective step
or a respective group of steps. Although presented as numbered steps, steps of methods herein
can be performed at a same time or in a different order. Additionally, portions of these steps can
be used with portions of other steps from other methods. Also, all or portions of a step can be
optional. Additionally, any of the steps of any of the methods can be performed with modules,
units, circuits, or other approaches for performing these steps.

XIV. OTHER EMBODIMENTS

{001587] The section headings used herein are for organizational purposes only and are not to be
construed as limiting the subject matter described.

{00158} It is to be understood that the methods described herein are not limited to the particular
methodology, protocols, subjects, and sequencing techniques described herein and as such can
vary. It is also to be understood that the terminology used herein is for the purpose of describing
particular embodiments only, and is not intended to himit the scope of the methods and
compositions described herein, which will be limited only by the appended claims. While some
embodiments of the present disclosure have been shown and described herein, it will be obvious
to those skilled in the art that such embodiments are provided by way of example only.
Numerous varations, changes, and substitutions will now occur to those skilled in the art
without departing from the disclosure. It should be understood that various alternatives to the
embodiments of the disclosure described herein can be employed in practicing the disclosure. Tt
is intended that the following claims define the scope of the disclosure and that methods and
structures within the scope of these claims and their equivalents be covered thereby.

100159] Several aspects are described with reference to example applications for illustration.
Unless otherwise indicated, any embodiment can be combined with any other embodiment. It
should be understood that numerous specific details, relationships, and methods are set forth to
provide a full understanding of the features described herein. A skilled artisan, however, will
readily recognize that the features described herein can be practiced without one or more of the
specific details or with other methods. The features described heretn are not limited by the
iltustrated ordering of acts or events, as some acts can occur in different orders and/or
concurrently with other acts or events. Furthermore, not all illustrated acts or events are required

to implement a methodology in accordance with the features described hergin.
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XY. EXAMPLES

{60160] The following examples are offered by way of illustration, not by way of limitation.
{60161} Example I. Analysis of HPY DNA Integration

{60162] This example tested exemplary approaches for determining HPV integration
breakpoints by analyzing sequence reads of celi-free DNA from plasma sample. The example
also examined different HPV integration profiles in samples of patients with cervical carcinoma
and HPV-associated head and neck squamous cell carcinoma, as well as EBV integration profile
in samples of patients with EBV infection.

{00163] Plasma samples from patients with HPV infection were collected and processed. Cell-
free DNA molecules in the plasma samples were then collected and subject to paired-end
sequencing. In the paired-end sequencing data, sequence reads from Type A and Type B human-
HPV chimeric fragments as illustrated in FIG. 2 were selected.

{00164] Todentify human-HPV chimeric DNA in the cell-free DNA samples, sequence reads
obtained were aligned to a reference human genome and a reference HPV genome using SOAP
alignment tool. Type A human-HPV chimeric fragment read pairs were identified by searching
for read pairs {pairs of sequence reads obtained from the two ends of the same plasma cell-free
DNA molecule) with one read mapped to the reference human genome and the other read
mapped to the reference HPV genome. Type A chimenc fragroents with the same start and end
outer coordinates were removed as suspected PCR duplicates. All remaining Type A chimeric
reads were then overlaid to group nucleotide coordinates that are overlapping or are adjacent to
each other in the human and HPV sequences to identify candidate integration regions. Each
candidate integration region on the human genome would have one or more corresponding
candidate integration region(s) on the HPV genome, and vice versa. Adjacent buman reads
within a distance of 300 bases are grouped into one candidate integration region, and adjacent
HPV reads within a distance of 300 bases are grouped into one candidate integration region {e.g.,
as illustrated in FIG, 3A). Any human sequence read whose distance from its nearest
neighboring sequence read 1s more than 300 bases was not included in the same candidate
integration region, and any HPY Human sequence read whose distance from its nearest
neighboring sequence read 18 more than 300 bases apart was not included in the same candidate
integration region. In this example, in each human-HPV candidate integration regions, there
must be at least two human-HPV chimeric fragments that are not PCR duplicates.

{00165] The unmapped reads from the first alignment were then realigned to human and HPVY
genome using Bowtie with the local alignment function with a default minimum mapping
jength of 22 bases. Then their possible mapping positions were searched in the candidate
integration regions suggested by Type A chimeric fragments. A minimum mapping length of 4
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bases was then chosen to map unmapped part of partially mapped reads to corresponding
integration candidate region with a minimum mwapping length of 4bp. Thus, human-HPV
chimeric reads in Type B fragment read pairs were identified within candidate integration
regions to determine the potential integration breakpoints. Within a candidate integration region,
expected strand orientation for the human-HPV chimeric reads were inferred by the strand
information of the Type A chimeric fragment read pairs that were used for constructing the
candidate integration regions. Only the mapping position of the short sequence anchor being
within 100bp distance of the potential breakpoint was considered as a putative hit for the
integration breakpoint. These reads were regarded as the chimeric reads covering the integration
breakpoint.

{00166] Human-HPV chimeric reads whose mate reads are not compatible with the library
insert sizes and mapping orientations were further excluded. Next, candidate integration sites
with a Diversity Score below 4 were excluded. The remaining integration breakpoints were
regarded as from the actual HPV integration events. Table 1 summarizes the analysis of HPVY
integration breakpoints with or without Diversity Score filtering with samples from patients with
cervical carcinoma and HNSCC.

{00167} Sinular analyses were performed for EBV integration breakpoints with plasma samples
from nasopharyngeal cancer (NPC) patients with EBV infection. The analyses of EBV
integration breakpoints with or without Diversity Score filtering are summarized in Table 2.
{60168] FIG. 6 shows distribution of viral integration breakpoiuts in HPV16 genome, based on
analysis of plasma cell-free DNA from patients with carcinoma of cervix and HPV positive head
and neck squamous cell carcinoma, respectively. As shown in the figure, there were shared
preferred integration breakpoints between carcinoma of cervix and HPV-positive head and neck
squamous cell carcinoma {region A). On the other hand, there were also preferred integration
breakpoints characteristic of a certain type of cancer, for instance region B shows HNSCC-

preferred integration breakpoints.

Table 1. Summary of HPV integration analysis

Total No. W’ithﬂut“ﬁn}nverssty Diversity Score >= 4
of Seore Filtering
Type Sample Candidate] Nﬂ' Of, No. of N.G" Of, No. of
Regions chimerie breakpoints chimeric breakpoints
) reads reads
34853 458 28317 1054 10723 )
. C-78% 43 77 26 0 {
(Eff;ﬁ& C-501 2 0 0 0 0
C-819 2 0 O 0 0
822 5 0 { 0 0
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C-877 g 0 { 0 0
TBR 1019 3 0 0 0 0
TBR1243 i 0 0 0 0
HNSCC | TBR1928 3 0 0 0 0
TBRI98O | 12414 | 234667 96039 1521 41
TBR2175 22 9 3 0 0
Table 2. Summary of EBVY integration analysis
Totai No. Wl‘;thuut li)?“’," sity Biversity Score >= 4
of Sm‘m Filiering )
Sample {andidate 1\.]0' Gi, No. of E\fﬁ" Gf: Mo. of
Regions chimeric breakpoints chimeric breakpoints
reads reads
TBRI358 i ] 1 { 0
TBRI378 45 117 59 0 {
TBR1390 183 1106 410 0 {
TBR1344 | 3153 33405 10426 { 0
TBRI360 913 14203 3550 { 0
TBR1379 1334 22027 4937 0 {

{00169} Example 2. Analysis of HPVY DNA Integration Index

{06176] This example examined HPV DNA integration index in cell-free DNA from plasma
sample of patient with carcinoma of cervix and HNSCC.

{00171] To analyze cell-free DNA fragments in plasma which show HPV integration into the
human chromosomes within the cancer genome, paired-end sequencing was performed with
these cell-free DNA fragments. A protocol of paired-end sequencing which reads 75 nucleotides
from each end of cell-free DNA fragments was used. Cell-free DNA fragments with all the 75
nucleotides of either one read sequence being mapped to the HPV genome and the other read
sequence being mapped to the human genome were counted as human-HPV chimeric fragments.
Celi-free DNA fragments with both reads in the paired-end sequencing being mapped to the
HPV genome were counted as the plasma HPV reads. Samples from 11 patients with carcinoma
of cervix were analyzed.

Table 3. Plasma cell-free human-HPV fragment DNA in CC samples

No. of reads of human- No. of plasma HPVY
Sample HPV type o .
HPY chimeric fragments reads
3276 HPVIS 12 62
3485 HPVI6 180892 2316992
3499 HPVI16 4 72
3542 HPVI6 5 50
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3581 HPVIS 12 90
C-78% HPVI6 108848 1659430
C-801 HPVIS 10531 153660
C-803 HPVi6 3271 33544
C-819 HPVIS 1466 20806
C-822 HPVi6 2451 39532
C-877 HPVIS 37126 616528

{00172] Using the same protocol for defining plasma cell-free human-HPV chimeric fragments,
genomic position of plasma cell-free human-HPV chimeric fragments was analyzed in sample
from one patient with carcinoma of cervix (CaCx3485) and sample from one patient with HPV
positive head and neck squamous cell carcinoma (HPV+ve HNSCC) (TBR1989). In FIG. 7,
each dot represents the exact ending position of plasma cell-free DNA fragments with HPYV
integration. The integration index refers to the odds ratio of the ending position of plasma celi-
free DNA fragments with HPV integration compared to plasma HPV fragments (both read 1 and
2 mapped to HPV genome). The higher the integration index, the more likely the position where
those DNA fragment reads with HPV integration end. A difference was observed in the
preferred ending positions for plasma celi-free DNA reads with HPV integration across the HPV
genome between the patients with carcinoma of cervix and HPV-positive HNSCC (HPV+ve
HNSCO).

1001731 Example 3. Comparison with public software ViFi

{00174] In this example, performance of an exemplary algorithm in HPV integration detection
according to the present disclosure was compared with ViFi (Nguyen et al., Nucleic Acids Res.
2018 Apr 20;46(7):3309-3325. dot: 10.1093/nar/gky 180}, a software that detects viral integration
sites through a combination of phylogenetic methods and reference-based reads alignment.
Simulation dataset with artificially constructed integration sites, as well as biological data of
tissue samples and paired plasma saraples from 26 cervical intraepithelial neoplasia (CIN), 26
cervical cancer (CaCx} and 7 head and neck squamous-cell carcinoma (HNSCC) patients were
used to evaluate the detection performance of the exemplary algorithm and ViFi. The integration
sites identified by the exemplary algorithm were further verified by PCR amplification and
Sanger sequencing.

[06175] Method

{00176} Public software: ViFi
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{00177} ViF1 was downloaded from github.com/namphuon/ViFi and run under its default
setting and default parameters on both the simulation data and the real sequencing data of the
tissue and plasma samples from cervical cancer and HNSCC patients in fastq format.

{00178 Simndation dataset

{00179] To evaluate the exemplary algorithm, 32,500 chimeric fragments, including both Type
A and Type B fragments, were constructed i sifico to artificially generate 500 HPV integration
sites. These in sifico constructed chimeric fragments were then mixed with real sequencing
reads of one human cervical cancer plasma sample. The sequencing reads of the human cervical
cancer plasma sample contained no HPV integration sites. The detection performance of the
exermplary algorithm was compared with ViFi (Nguyen et al., Nucleic Acids Res. 2018 Apr
20:46(7%.3309-3325. doi: 10.1093/nar/gky180}).

{00180 Sequencing dota of tissue and plasma DNA from cervical cancer, HNSCC patients
and NPC patients

{00181} To explore the HPV16 integration landscape in HPV associated tumors, 26 plasma
samples from cervical cancer and 7 tissue samples and paired plasma samples from HNSCC
patients were sequenced. Both the exemplary algorithm and ViFi were applied for the detection
of HPV integration sites in these samples. 6 plasma samples from nasopharyngeal carcinoma
(NPC) patients were also sequenced for the detection of Epstein-Barr virus (EBV) integration
events in human genome.

{00182] Results

{00183} Simulated dota

{00184] To directly evaluate the detection performance of the exemplary algorithm and
compare it to ViFi, 500 integration sites were artificially constructed as supported by
corresponding chimeric fragments. Both the exemplary algorithm and ViFi were run on this
simulation dataset and compared on the detection rate (FIG. 10). As shown in FIG. 11, ViFi
detected 314 simulated integration regions among total 500 sites, with a detection rate of only
62.8%. However, using the exemplary algorithm, 480 simulated integration sites were
accurately identified, including not only the integration regions but also the exact breakpoints,
with a significant higher detection rate of 96%. These results showed that the exemplary
algorithm has a higher accuracy in detecting integration sites in simulation dataset compared
with ViFi.

100185] Breckpoinis identified from plasma DNA

{00186] The exemplary algorithm was run on the plasma DNA sequencing data of the 26 CIN,
26 cervical cancer and 7 HNSCC patients, in which 6 cervical cancer and 5 HNSCC plasma

sarples were shown to have at least 1 candidate integration region (FIG. 12).  After filtering
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with a cutoft diversity score of 4, 1 cervical cancer (CaCx3485) and 1 HNSCC (TBR 1989} case
remained with 6 and 41 breakpoints identified by the exemplary algorithm, respectively (FIG.
12). Among these breakpoints, 6 and 9 breakpoints were selected for experiment validation in
the cervical cancer and HNSCC cases, respectively, among which, 1 breakpoint 1o the cervical
cancer case and 3 breakpoints in the HNSCC case were validated by a PCR assay. Meanwhile,
ViFi was run on the same plasma sequencing dataset to compare with the exemplary algorithm.
YiFi only dentified one case, CaCx348S, with 491 putative integration breakpoints initiated by
HPV16. Nevertheless, none of the breakpoints identified by ViFi overlapped with any of the
breakpoints identified by the exemplary algorithm with a diversity score above 4, including the
breakpoint validated in this case.
{00187] Breakpoints identified from tumor tissue DNA
{00188} In addition, 7 tissue samples of the HNSCC patients aforementioned were sequenced.
Diversity score of 4 was used as a cutoff in the exemplary algorithm. FIG. 13 shows that 4 out of
the 5 samples contained at least one candidate integration region with at least one identified
integration breakpoint that remained atter application of the cutoff score. These breakpoints were
further validated experimentally by PCR and Sanger sequencing.
{00189} There were in total 56 integration breakpoints identified from 4 HNSCC samples with
diversity score > 4 (FIG. 13). After merging the 26 breakpoints with close junctional sites (1-
5bp), the total number of breakpoints was reduced to 43. PCR assays were designed for 32 of the
breakpoints, flanking the integration sties in the amplicon with size less than 200bp. 23 of the
breakpoints have been successfully amplified from the tissue DNA of the corresponding
samples, showing expected amplicon sizes and among which, 22 breakpoints were further
validated by Sanger sequencing. Therefore, based on our algorithm, the overall validation rate of
breakpoints with diversity score > 4 1s 69.0% (22/32).
{00190} If the diversity score cutoff was set as 9, 24 breakpoints were targeted by designed PCR
assays, in which 22 of which have been successtully amplified and validated by Sanger
sequencing. Hence, the overall validation rate drastically improved to 91.7% (22/24) after the
cutoff diversity score was raised from 4 to 9.
{60191] In summary, the performance of the exemplary algorithm was compared with that of
ViFi using the tissue sequencing data. No breakpoint was identified by ViFi in any tissue

sample.

{00192] While preferred embodiments of the present disclosure have been shown and described
herein, it will be obvious to those skilled in the art that such embodiments are provided by way

of example only. Numerous variations, changes, and substitutions will now occur to those
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skilled in the art without departing from the disclosure. It should be understood that various
alternatives to the embodiments described herein can be employed in practicing the disclosure.
It is intended that the following claims define the scope of the disclosure and that methods and

structures within the scope of these claims and their equivalents be covered thereby.
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CLAIMS

WHAT IS CLAIMED IS:

1. A method of analyzing a biological sample of an organism to determine a
classification of pathology, the method comprising:

{a) analyzing a plurality of cell-free nucleic acid molecules from the biological
sample to identify an organism-pathogen chimeric nucleic acid fragment, wherein analyzing
each of the plurality of cell-free nucleic acid molecules comprises:

identifying a first end of the respective celi-free nucleic acid molecule as being from
a first genome,

identifying a second end of the respective cell-free nucleic acid molecule as being
from a second genome, and

identifying the organism-pathogen chimeric nucleic acid fragment when the first
genome 15 a genome of a pathogen and the second genome is a genome of the organism, wherein
the organism and pathogen are different; and

(b} deternmining a classification of pathology based at least in part on the organism-

pathogen chimeric nucleic acid fragment.

2. The method of claim 1, wherein the identifying the first end as being from the
first genome comprises obtaining a sequence read of the respective cell-free nuclete acid
molecule and aligning at least a portion of a first end of the sequence read to a reference genome

of the pathogen.

3. The method of claim 1, wherein the identifying the second end as being from the
second genome comprises obtaining a sequence read of the respective cell-free nucleic acid
molecule and aligning at least a portion of a second end of the sequence read to a reference

genome of the organism.

4. The method of claim 1, wherein the analyzing each of the plurality of cell-free
nucleic acid molecules comprises obtaining a sequence read of the respective cell-free nucleic
acid molecule and 1dentitying the organism-pathogen chimeric nucleic acid fragment when at
least a portion of a first end of the sequence read aligns to a reference genome of a pathogen and
at feast a portion of a second end of the sequence read aligns to a reference genome of the

Organism.
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5. The method of claim 1, further comprising obtaining sequence reads of the
plurality of celi-free nucleic acid molecules by paired-end sequencing, and wherein the paired-
end sequencing generates a pair of sequence reads for each of the plurality of cell-free nucleic

acid molecules.

6. The method of claim 5, wherein the pair of sequence reads comprises a first
sequence read of a first end of the respective cell-free nucleic acid molecule and a second

sequence read of a second end of the respective cell-free nucleic acid molecule.

7. The method of claim 6, wherein the identifying the organism-pathogen chimeric
nucleic acid fragment comprises aligning the first sequence read, or a portion thereof, to a
reference genome of a pathogen and aligning the second sequence read, or a portion thereof, to a

reference genome of the organism.

8 The method of claim 7, wherein the identifying the organism-pathogen chimeric
nucleic acid fragment comprises aligning at least 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75,
80, 85, 90, 93, or 100 consecutive nucleotides of the first sequence read to the reference genome
of the pathogen and aligning at least 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, &5, 90, 95,
or 100 consecutive nucleotides of the second sequence read to the reference genome of the

Organism.

9. The method of claim 8, wherein the identifying the organism-pathogen chimeric
nucleic acid fragment comprises aligning at least 50 consecutive nuclectides of the first sequence
read to the reference genome of the pathogen and aligning at least 50 consecutive nucleotides of

the second sequence read to the reference genome of the organism.

10.The method of any one of claims 1 to 9, further comprising

determining a pathogen integration index based on an amount of organism-pathogen
chimeric nucleic acid fragments from the biological sample; and

determining the classification of the pathology based at least in part on the pathogen

integration index.

11.The method of claim 10, wherein the determining the pathogen integration index
comprises determining an amount of the plurality of cell-free nucleic molecules that comprise a

first end from the genome of the pathogen and a second end from the genome of the pathogen.
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12.The method of claim 11, wherein the determining the pathogen integration index
comprises comparing the amount of the organism-pathogen chimeric nucleic acid fragments to
an amount of the plurality of cell-free nucleic acid molecules comprising a first end from the

genome of the pathogen and a second end from the genome of the pathogen.

13.The method of claim 12, wherein the comparing comprises determining a ratio of
the amount of the organism-pathogen chimenc nucleic acid fragments to the amount of the
plurality of celi-free nucleic acid molecules comprising a first end from the genome of the

pathogen and a second end from the genome of the pathogen.

14 The method of any of claims 1 to 13, wherein the identifying the organism-
pathogen chimeric nucleic acid fragment turther comprises analyzing aroplification reactions of
the plurality of cell-free nucleic acid molecules from the biological sample.

15.The method of claim 14, wherein the amplification reactions comprise a first
primer complementary to a first target sequence in the genome of the pathogen and a second

primer complementary to a second target sequence in the genome of the organism.

16. The method of claim 14 or 1S, wherein the amplification reactions comprise

polymerase chain reaction (PCR}.

17.The method of any one of claims 14 to 16, turther comprising analyzing

sequences of amplicons generated by the amplification reactions.
18 The method of any one of claims 1 to 17, wherein the pathogen comprises a virus.
19.The method of claim 18, wherein the virus comprises Epstein-Barr Virus DNA,

human papillomavirus DNA, Hepatitis B Virus DNA, Hepatitis C Virus nucleic acids, or

fragments thereof.
20.The method of claim 18, wherein the virus is human paptllomavirus.
21.The method of any one of claims 1 to 20, wherein the classification of pathology

comprises 4 presence of a cancer.
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22.The method of claim 21, wherein the cancer is selected from the group consisting
of bladder cancer, bone cancer, a brain tumor, breast cancer, carcinoma of cervix, colorectal
cancer, esophageal cancer, gastrointestinal cancer, hematopoietic malignancy, head and neck
squamous cell carcinoma, 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.

23 The method of any one of claims | to 22, wherein the classification of pathology

comprises a type of cancer.

24 The method of claim 23, wherein the type of cancer comprises carcinoma of

cervix ot head and neck squamous cell carcinoma.

25 The method of any one of claims | to 24, wherein the plurality of cell-free nucleic

acid molecules comprise deoxyribonucleic acid molecules.

26.The method of any one of claims 1 to 25, wherein the organism is an animal.

7. The method of claim 26, wherein the animal is a mammal.

28 The method of claim 27, wherein the mammal is a human.

29 The method of any one of claims 1 to 28, wherein the biological sample i3

plasma, serum, or urine.

30.The method of claim 29, wherein the biological sample is plasma.
>

31.The method of any one of claims 1 to 30, wherein the analyzing the plurality of

cell-free nucleic acid molecules from the biological sample 1s performed by a computer system.

32 A method of identitying an organism-pathogen chimeric cell-free nucleic
fragment from a biological sample of an organism, the method comprising:

{a) determining a first end of a cell-free nucleic acid molecule as being from a first
genome and a second end of the cell-free nucleic acid molecule as being from a second genome;

and
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(b} identifying the organism-pathogen cell-free nucleic acid fragment when the first
genome is a genome of a pathogen and the second genome 1s a genome of the organism, wherein

the organism and pathogen are different.

33.The method of claim 32, wherein the determining the first end as being from the
first genome comprises obtaining a sequence read of the cell-free nucleic acid molecule and
aligoing at least a portion of a first end of the sequence read to a reference genome of the

pathogen.

34.The method of claim 32, wherein the determining the second end as being from
the second genome comprises obtaining a sequence read of the cell-free nucleic acid molecule
and aligning at feast a portion of a second end of the sequence read to a reference genome of the

organism.

35.The method of claim 32, further comprising obtaining a sequence read of the cell-
free nucleic acid molecule and identifying the organism-pathogen chimeric nucleic acid fragment
when at least a portion of a first end of the sequence read aligns to a reference genome of a
pathogen and at least a portion of a second end of the sequence read aligns to a reference genome

of the organism.

36.The method of claim 32, further comprising obtaining sequence reads of the celi-
free nucleic acid molecule by paired-end sequencing, and wherein the paired-end sequencing

generates a pair of sequence reads for the of cell-free nucleic acid molecule.

37 The method of claim 36, wherein the pair of sequence reads comprises a first
sequence read of a first end of the cell-free nucleic acid molecule and a second sequence read of

a second end of the cell-free nucleic acid molecule.

38 The method of claim 37, wherein the identitying the organism-pathogen chimeric
nucleic acid fragment comprises aligning the first sequence read, or a portion thereof, to a
reference genome of the pathogen and aligning the second sequence read, or a portion thereof, to

a reference genome of the organism.

39 The method of claim 38, wherein the identitying the organism-pathogen chimeric
nucleic acid fragment comprises aligning at least 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75,

80, 85, 90, 95, or 100 consecutive nucleotides of the first sequence read to the reference genome
270
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of the pathogen and aligning at feast 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95,
or 100 consecutive nucleotides of the second sequence read to the reference genome of the

organism.

40.The method of claim 39, wherein the identifving the organism-pathogen chimeric
nucleic acid fragment comprises aligning at least 50 consecutive nucleotides of the first sequence
read to the reference genome of the pathogen and aligning at least 30 consecutive nucleotides of

the second sequence read to the reference genome of the organism.

41 The method of any of claims 32 to 40, wherein the identitying the organism-
pathogen chimeric nucleic acid fragment further comprises analyzing amplification reactions of

the cell-free nucleic acid molecules from the biological sample.

42 The method of claim 41, wherein the amplification reactions comprise a first
primer complementary to a first target sequence in the genome of the pathogen and a second

primer complementary to a second target sequence in the genome of the organism.

43.The method of claim 41 or 42, wherein the amplification reactions comprise

polymerase chain reaction (PCR).

44 The method of any one of claims 41 to 43, further comprising analyzing
sequences of amplicons generated by the amplification reactions.
45 The method of any one of claims 32 to 44, wherein the pathogen comprises a

Vitus.
46.The method of claim 45, wherein the virus comprises Epstein-Barr Virus DNA,

human papillomavirus DNA, Hepatitis B Virus DNA, Hepatitis C Virus nucleic acids, or

fragments thereof.

47 The method of claim 45, wherein the virus is human paptllomavirus.

48.The method of any one of claims 32 to 47, wherein the celi-free nucleic acid

molecule 1s deoxyribonucleic acid.

49 The method of any one of claims 32 to 48, wherein the organism is an animal.
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50.The method of claim 49, wherein the animal is a mammal.

51.The method of claim 50, wherein the mammal is a human.

52.The method of any one of claims 32 to 51, wherein the biological sample is

plasma, serum, or urine.

53.The method of claim 52, wherein the biological sample is plasma.

54 The method of any one of claims 32 to 53, wherein the determining the first end
of the cell-free nucleic acid molecule as being from the first genome and the second end of the
cell-free nucleic acid molecule as being from the second genome 18 performed by a computer

system.

55 A method of analyzing cell-free nucleic acid molecules from a biological sample
of an organism to determine a type of pathology, the method comprising:

(a) analyzing cell-free nucleic acid molecules from the biological sample to
determine a pathogen integration profile, the pathogen integration profile comprising a position
of a breakpoint in a genome of a pathogen that integrates in a genome of the organism; and

(b} determining the type of pathology based on the pathogen integration profile.

56.The method of claim 55, wherein the pathogen integration profile is determined
by detecting an organism-pathogen chimeric nucleic acid fragment in a cell-free nucleic acid
molecule from the biological saraple when the cell-free nucleic acid molecule comprises

genomic sequence from the pathogen and genomic sequence from the organism.

57.The method of claim 56, wherein the detecting comprises identifying a first end
of the cell-free nucleic acid molecule as being from a genome of the pathogen, and identitying a

second end of the cell-free nucleic acid molecule as being from a genome of the organism.

58.The method of claim 56 or 57, wherein the detecting comprises obtaining
sequence reads from the cell-free nucleic acid molecules from the biological sample, and

analyzing the sequence reads to detect the organism-pathogen chimeric nucleic acid fragment.
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59.The method of claim 58, wherein the sequence reads are obtained by paired-end
sequencing of the cell-free nucleic acid molecules, and wherein the paired-end sequencing

generates a pair of sequences reads for each of the cell-free nucleic acid molecules.

60.The method of claim 59, wherein the pair of sequence reads comprises a first
sequence read of a first end of the respective cell-free nucleic acid molecule and a second

sequence read of a second end of the respective cell-free nucleic acid molecule.

61 The method of claim 60, wherein the detecting the organism-pathogen chimeric
nucleic acid fragment comprises aligning at least 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75,
80, 85, 90, 95, or 100 consecutive nucleotides of the first sequence read to a reference genome of
the pathogen and aligning at least 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, or

100 consecutive nucleotides of a second sequence read to a reference genome of the organism.

62 The method of claim 56, wherein the determining the pathogen integration profile
further comprises: determining a pathogen integration index based on an amount of organism-

pathogen chimeric nucleic acid fragments.

63 The method of claim 56, wherein the detecting the organism-pathogen chimeric
nucleic acid fragment comprises analyzing amplification reactions of the cell-free nucleic acid

molecules from the biclogical sample.

64. The method of claim 63, wherein the amplification reactions comprise a first
primer complementary to a first target sequence in the genorme of the pathogen, and a second

primer complementary to a second target sequence in the genome of the organism.

65.The method of claim 63 or 64, wherein the amplification reactions comprise

polymerase chain reaction (PCR).

66.The method of any one of claims 63 to 65, further comprising analyzing

sequences of amplicons generated by the amplification reactions.

67. The method of any one of claims S5 to 66, wherein the pathogen cormprises a

virus.
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68.The method of claim 67, wherein the virus comprises Epstein-Barr Virus DNA|
human papillomavirus DNA, Hepatitis B Virus DNA, Hepatitis C Virus nucleic acids, or
fragments thereof.

69 The method of claim 67, wherein the virus is human papillomavirus.

70.The method of any one of claims 55 to 69, wherein the classification of pathology

comprises a type of cancer.

71 . The method of claim 70, wherein the type of cancer comprises carcinoma of

cervix or head and neck squamous cell carcinoma.

72.The method of any one of claims S5 to 71, wherein the cell-free nucleic acid

molecules comprise deoxyribonucleic acid molecules.

73 .The method of any one of claims 55 to 72, wherein the organism s an animal.

74 The method of claim 73, wherein the animal is a mammal.

75.The method of claim 74, wherein the mammal is a human.

76. The method of any one of claims 55 to 75, wherein the biological sample s

plasma, serum, or urine.

77.The method of claim 76, wherein the biological sample is plasma.

78 The method of any one of claims 535 to 77, wherein the analyzing the cell-free

nucleic acid molecules is performed by a computer system.

79. A method of analyzing cell-free nucleic acid molecules from a biological sample
of an organism to determine a pathogen integration profile, the method comprising analyzing
cell-free nucleic acid molecules from the biological sample to determine a pathogen integration
profile, the pathogen integration profile comprising a position of an integration breakpointin a

genome of a pathogen that integrates in a genome of the organism.
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80.The method of claim 79, wherein the pathogen integration profile is determined
by detecting an organism-pathogen chimeric nucleic acid fragment 1o a cell-free nucleic acid
molecule from the biclogical sample when the cell-free nucleic acid molecule comprises

genomic sequence from the pathogen and genomic sequence from the organism.

81.The method of claim 80, wherein the detecting comprises identifying a first end
of the cell-free nucleic acid molecule as being from a genome of the pathogen, and identifying a

second end of the celi-free nucleic acid molecule as being from a genome of the organism.

82.The method of claim 80 or 81, wherein the detecting comprises obtaining
sequence reads from the cell-free nucleic acid molecules from the biclogical sample, and

analyzing the sequence reads to detect the organism-pathogen chimeric nucleic acid fragment.

83 The method of claim 82, wherein the sequence reads are obtained by paired-end
sequencing of the cell-free nucleic acid molecules, and wherein the paired-end sequencing

generates a pair of sequences reads for each of the cell-free nucleic acid molecules.

84.The method of claim 83, wherein the pair of sequence reads comprises a first
sequence read of a first end of the respective cell-free nucleic acid molecule and a second

sequence read of a second end of the respective cell-free nucleic acid molecule.

8S5.The method of claim 84, wherein the detecting the organism-pathogen chimeric
nucleic acid fragment comprises aligning at least 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75,
80, 85, 90, 95, or 100 consecutive nucleotides of the first sequence read to a reference genome of
the pathogen and aligning at least 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, or

100 consecutive nuclectides of a second sequence read to a reference genome of the organism.

86.The method of claim 80, wherein the determining the pathogen integration profile
further comprises: determining a pathogen integration index based on an amount of organism-

pathogen chimeric nucleic acid fragments,

87.The method of claim 80, wherein the detecting the organism-pathogen chimeric
nucleic acid fragment comprises analyzing amplification reactions of the cell-free nucleic acid

molecules from the biological sample.
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88.The method of claim 87, wherein the amplification reactions comprise a first
primer complerentary to a first target sequence in the genome of the pathogen, and a second

primer complementary to a second target sequence in the genome of the organism.

89.The method of claim 87 or 88, wherein the amplification reactions comprise

polymerase chain reaction (PCR}.

90.The method of any one of claims 87 to 89, further comprising analyzing

sequences of amplicons generated by the amplification reactions.

91.The method of any one of claims 79 to 90, wherein the pathogen comprises a

VITUS.

92.The method of claim 91, wherein the virus comprises Epstein-Barr Virus DNA,
huran papillomavirus DNA, Hepatitis B Virus DNA, Hepatitis C Virus nucleic acids, or
fragments thereof.

93.The method of claim 91, wherein the virus 18 human papiliomavirus.

94 The method of any one of claims 79 to 93, wherein the cell-free nucleic acid

molecules comprise deoxyribonucleic acid molecules.

95.The method of any one of claims 79 to 94, wherein the organism is an animal.

96.The method of claim 95, wherein the animal is a mammal.

97 The method of claim 96, wherein the mammal is a human.

98.The method of any one of claims 79 to 97, wherein the biological sample is

plasma, serum, or urine.

99 The method of claim 98, wherein the biological sample is plasma.

100. The method of any one of claims 79 to 99, wherein the analyzing the cell-

free nucleic acid molecules 13 performed by a computer system.
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101 The method of any one of claims 79 to 100, wherein the analyzing

comprises sequencing the cell-free nucleic acid molecules.

102. The method of any one of claims 79 to 101, wherein the analyzing
Comprises:
tdentifving sequence reads of cell-free nucleic acid molecules from the biological
sample comprising a same potential integration breakpoint; and

detecting the integration breakpoint based on the sequence reads.

103, The method of claim 102, wherein the detecting the integration breakpoint
based on the sequence reads comprises:
assessing a variability in lengths of sequences of each of the sequence reads
aligning to a genomic region flanking the potential integration breakpoint; and

based on the assessing, detecting the integration breakpoint in the organism.

104, The method of any one of claims 79 to 101, wherein the analyzing
comprises:
identifying sequence read pairs of cell-free nucleic acid molecules from the
biological sample comprising a same potential integration breakpoint; and

detecting the integration breakpoint based on the sequence read pairs.

105, The method of claim 104, wherein the detecting the integration breakpoint

based on the sequence read pairs comprises:

determining a strand orientation of a first sequence read and a second sequence
read of each of the sequence read pairs;

filtering out a sequence read pair comprising a strand orientation of the first
sequence read and the second sequence read inconsistent with a strand orientation of the first
sequence read and the second sequence read of a majority of the sequence read pairs; and

after the filtering out, detecting the integration breakpoint based on the sequence

read pairs.

106. The method of claim 104 or 105, wherein the detecting the integration
breakpoint based on the sequence read pairs comprises:
assessing a variability in lengths of sequences of sequence reads of the sequence read

pairs aligning to a genomic region flanking the potential integration breakpoint; and
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based on the assessing, detecting the integration breakpoint.

107. The method of any one of claims 104 to 106, wherein the identitying the

sequence read pairs comprises.

identifying organism-pathogen chimeric sequence read pairs generated from
paired-end sequencing of the cell-free nucleic acid molecules from the biclogical sample that
comprise a first sequence read aligning to a reference genome of the organism and a second
sequence read aligning to a reference genome of the pathogen, thereby identifving Type A
organism-pathogen chimeric sequence read pairs;

grouping, from the Type A organism-pathogen chimeric sequence read pairs,
Type A organism-pathogen chimeric sequence read pairs comprising first sequence reads that are
overlapping or separated within a predetermined distance in the reference genome of the
organism, and second sequence reads that are overlapping or separated within a predetermined
distance in the reference genome of the pathogen, thereby identifyving an organism-pathogen
candidate integration region in the reference genomes of the organism and the pathogen; and

identifying organism-pathogen chimeric sequence read pairs generated from
paired-end sequencing of the cell-free nucleic acid molecules from the biological sample that
comprise a tirst sequence read aligning to the organism-pathogen candidate integration region
and a second sequence read comprising a first sequence aligning to the reference genome of the
organism and a second sequence aligning to the reference genome of the pathogen, thereby

identifying Type B organism-pathogen chimeric sequence read pairs..

108. The method of claim 107, wherein the predetermined distance is at most
10, at most 5G, at most 73, at most 100, at most 120, at most 150, at most 175, at most 200, at
most 2235, at most 230, at most 275, at most 300at most 325, at most 330, at moost 375, at most

400, at most 425, at most 450, at most 475, or at most 500 bases.

109. The method of claim 107 or 108, wherein in the organism-pathogen
candidate integration region, there are atleast 3,4, 5, 6,7, 8,9, 10, 11, 12, 15, 20, 50, 100, 200,
1000, 10,000, 50,000, 100,000, or more Type A orgamism-pathogen chimernc sequence read

pairs.

110, The method of any one of claims 107 to 109, wherein the detecting the

integration breakpoint comprises:
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determining a strand orientation of the first sequence read and the second
sequence read of each of the Type A organism-pathogen chimeric sequence read pairs and the
Type B organism-pathogen chimeric sequence read pairs;

filtering out, from the Type B organism-pathogen chimeric sequence read pairs,
Type B organism-pathogen chimeric sequence read pairs that have a strand orientation of the
first sequence read and the second sequence read inconsistent with the strand orientation of the
first sequence read and the second sequence read of a majority of the Type A organism-pathogen
chimeric sequence read pairs within the organism-pathogen candidate integration region; and

after the filtering out, detecting the integration breakpoint based on the Type B

organism-pathogen chimeric sequence read pairs.

111 The method of any one of claims 107 to 110, wherein the detecting the
integration breakpoint comprises:
determining a Diversity Score for the Type B organism-pathogen chimeric sequence
read pairs; wherein the Diversity Score is calculated as
ol+ 62

Gl G2,

max(srsr)

wherein o1 is a standard deviation of lengths of the first sequences of the Type B
organism-pathogen chimeric sequence read pairs aligning to the reference genome of the
organism, and wherein o2 is a standard deviation of lengths of the second sequences of the Type
B organism-pathogen chimeric sequence read pairs aligning to the reference genome of the
pathogen; and

detecting the integration breakpoint based on the Type B organism-pathogen
chimeric sequence read pairs, if the Diversity Score is equal to or higher than a predetermined

cutoft value,

112. The method of claim 111, wherein the predetermined cutoft value is at
least 1, at least 1.6, at least 2.0, at least 2.4, at least 2.8, atleast 3.0, at least 3.4, atleast 3.8, at
least 4.0, at least 4.2, atleast 4 4, at least 4.0, atleast 4.8, at least 5.0, at least 5.4, atleast 5.8, at
least 6.0, at least 6.5, at least 7.0, at least &, at least 9, at least 10, at least 20, at least 50, or at

least 100,

113, A computer system comprising one or more processors and a non-

transitory computer readable mediom comprising instructions operable, when executed by the
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One O MOTe COmputer processors, to cause the computer system to perform the method of any

one of claims 1 to 112,

114. A non-transitory computer-readable medium comprising instructions
operable, when executed by one or more processors of a computer system, to cause the computer

system to perform the method of any one of claims 1 to 112,

11s. A method of analvzing a biological sample of an organism to detect a
chromosomal rearrangement, the method comprising:
identifying sequence reads of celi-free nucleic acid molecules from the biological
sample comprising sequence of a same potential chromosomal rearrangement;
assessing a variability in lengths of sequences of cach of the sequence reads
aligning to a genomic region flanking the potential chromosomal rearrangement; and
based on the assessing, detecting the chromosomal rearrangement in the

organism.

116. The method of claim 115, wherein the organism 1s a human.

11

~3

The method of claim 115 or 116, wherein the chromosomal rearrangement
comprises a chromosome translocation, chromosome deletion, chromosome inversion, or

chromosome amplification.

118. The method of any one of claims 115 to 117, wherein the identifying the
sequence reads comprises:
identifying chromosomal chimeric sequence read pairs generated from paired-end
sequencing of the cell-free nucleic acid molecules from the biological samples and comprising a

sequence read comprising the potential chromosomal rearrangement.

119 The method of any one of claims 115 to 113, wherein the identifving the
chromosomal chimeric sequence read pairs comprises:
identifying chromosomal chimeric sequence read pairs generated from the paired-
end sequencing that comprise a first sequence read aligning to a first genomic region of a
reference genome of the organism, and a second sequence read aligning to a second genomic

region of the reference genome, thereby identifving Type A chromosomal chirseric sequence
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read pairs, wherein a relative positioning of the first genomic region and second genomic region
in the reference genome 18 indicative of the potential chromosoral rearrangement;

grouping, from the Type A chromosomal chimeric sequence read pairs, Type A
chromosomal chimeric sequence read pairs comprising first sequence reads that are overlapping
or separated within a predetermined distance in the first genomic region and comprising second
sequence reads that are overlapping or separated within a predetermined distance in the second
genomic region, thereby identifying a candidate rearrangement region in the first genomic region
and the second genomic region; and

identifying chromosomal chimeric sequence read pairs generated from the paired-
end sequencing that comprise a first sequence read aligning to the candidate integration region
and a second sequence read comprising a first sequence aligning to the first genomic region and
a second sequence aligning to the second genomic region, thereby identifving Type B

chromosomal chirneric sequence read pairs.

120. The method of claim 119, wherein the assessing the variability comprises:
determuning a Diversity Score for the Type B chromosomal chimeric sequence
read pairs, wherein the Diversity Score is calculated as

gi+ g2

wherein o1 is a standard deviation of lengths of the first sequences of the Type B
chromosomal chimeric sequence read pairs aligning to the first genomic region, and wherein o2
is a standard deviation of lengths of the first sequences of the Type B chromosomal chimeric

sequence read pairs aligning to the second genomic region.

121 The method of claim 115, wherein the detecting the chromosomal
rearrangement comprises detecting the chromosomal rearrangement based on the Type B
chromosomal chimeric sequence read pairs, if the Diversity Score is equal to or higher than a

predetermined cutoff value.

122. The method of claim 121, wherein the predetermined cutoff value is at
least 1, at least 1.0, at least 2.0, at least 2.4, at least 2.8, at least 3.0, atleast 3.4, at least 3.8, at
least 4.0, at least 4.2, atleast 4.4, at least 4.6, atleast 4.8, at least 5.0, at least 5.4, at least 5.8, at
feast 6.0, at feast 6.5, at least 7.0, at least B, at least 9, at least 10, at least 20, at least 50, or at

least 100.
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123. The method of any one of claims 119 to 122, wherein a distance between
the first genomic region and the second genomic region 1s at least 140 bases, at least 180 bases,
at least 250 bases, at least 350 bases, at least 450 bases, at least 550 bases, at least 750 bases, at
feast 900 bases, at least 1100 bases, at least 1250 bases, at least 1800 bases, at least 2500 bases,
at least 3500 bases, at least 5500 bases, at least 7500 bases, at least 9000 bases, or at least 10

bases.

124. The method of any one of claims 119 to 123, wherein a relative 5" t¢ 37
relationship of the first genomic region and the second genoruic region in the reference genome
is opposite to a relative 57 to 37 relationship of the first sequence read and the second sequence
read in the respective cell-free nucleic acid molecule of each of the Type A chromosomal

chimeric sequence read pairs.

125, A method of analyzing a biological sample of an organism to detect a

chromosomal rearrangement, the method comprising:

identifying sequence read pairs of cell-free nucleic acid molecules from the
biological sample comprising a same potential chromosomal rearrangement;

determining a strand orientation of a first sequence read and a second sequence
read of each of the sequence read pairs;

filtering out a sequence read pair comprising a strand orientation of the first
sequence read and the second sequence read inconsistent with a strand orientation of the first
sequence read and the second sequence read of a majority of the sequence read pairs; and

after the filtering out, detecting the chromosomal rearrangement in the organism

based on the sequence read pairs.

126. The method of claim 125, wherein the organism is a humao.

127. The method of claim 125 or 126, wherein the chromosomal rearrangement
comprises a chromosome translocation, chromosome deletion, chromosome inversion, or

chromosome amplification.

128. The method of any one of claims 125 to 127, wherein the identifying the
sequence read pairs comprises.
identifying chromosomal chimeric sequence read pairs generated trom paired-end

sequencing of the cell-free nucleic acid molecules from the biological sample that comprise a
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first sequence read aligning to a first genomic region of a reference genome of the organism, and
a second sequence read aligning to a second genomic region of the reference genome, thereby
identifying Type A chromosomal chimeric sequence read pairs, wherein a relative positioning of
the first genomic region and second genomic region in the reference genome is 1ndicative of the
potential chromosomal rearrangement;

grouping, from the Type A chromosomal chimeric sequence read pairs, Type A
chromosomal chimeric sequence read pairs comprising first sequence reads that are overlapping
or separated within a predetermined distance in the first genomic region, and second sequence
reads that are overlapping or separated within a predetermined distance in the second genomic
region, thereby identifying a candidate rearrangement region in the first genomic region and the
second genomic region; and

identifying chromosomal chimeric sequence read pairs generated from paired-end
sequencing of the cell-free nucleic acid molecules from the biological sample that comprise a
first sequence read aligning to the candidate rearrangement region and a second sequence read
comprising a first sequence aligning to the first genomic region and a second sequence aligning
to the second genomic region, thereby identifving Type B chromosomal chimeric sequence read

pairs.

129 The method of claim 128, wherein the filtering out comprises:
filtering out Type B chromosomal chimeric sequence read pairs that have a strand
orientation of the first sequence read and the second sequence read inconsistent with the strand
orientation of the first sequence read and the second sequence read of a majority of the Type A

chromosomal chirneric sequence read pairs within the candidate rearrangement region.

130. The method of claim 128 or 129, wherein a distance between the first
genomic region and the second genomic region is at least 140 bases, at least 180 bases, at least
250 bases, at least 350 bases, at least 450 bases, at least 550 bases, at least 750 bases, at least 900
bases, at least 1100 bases, at least 1250 bases, at least 1800 bases, at ieast 2500 bases, at least

3500 bases, at least 5500 bases, at least 7500 bases, at least 9000 bases, or at least 10" bases.

131 The method of claim 128 or 129, wherein a relative 57 to 37 relationship of
the first genomic region and the second genomic region in the reference genome is opposite to a
relative 57 t0 37 relationship of the first sequence read and the second sequence read in the
respective cell-free nucleic acid molecule of each of the Type A chromosomal chimeric sequence

read pairs.
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132. A method comprising determining a classification of pathology based at
jeast in part on the chromosomal rearrangement that is determined by the method of any one of

claims 115 to 131.

133, A computer system comprising one or more processors and a non-
transitory computer readable medium comprising instructions operable, when executed by the
one or more computer processors, to cause the computer system to perform the method of any

one of claims 115 to 132,

134. A non-transitory computer-readable medium comprising instructions
operable, when executed by one or more processors of a computer system, to cause the computer

system to perform the method of any one of claims 115 to 132,
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