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TITLE
METHODS FOR DETECTION OF DONOR-DERIVED CELL-FREE DNA

CROSS REFERENCE TO RELATED APPLICATIONS
This application claims priority to U.S. Provisional Application No. 62/693.833 filed July
3, 2018; U.S. Provisional Application No. 62/715,178 filed August 6, 2018; U.S. Provisional
Application No. 62/781,882 filed December 19, 2018; and U.S. Provisional Application No.
62/834,315 filed Apr 15, 2019. Each of these applications cited above is hereby incorporated by

reference in its enlirety.

FIELD
The present disclosure relates generally to methods for detecting donor-derived DNA

within a transplant recipient.

BACKGROUND
There is currently about 190,000 living kidney recipients in the United State and about
20,000 kidney transplant surgeries occur annually. Rapid detection of kidney allograft injury
and/or rejection remains a challenge. Previous attempts to use serum creatinine to determine
kidney transplant status have lacked specificity, and biopsy transplants are invasive and costly and

possibly lead to late diagnosis of transplant injury and/or rejection.

Because the immune system recognizes an allograft as foreign to a body and activates
various immune mechanisms to reject the allograft, it is often necessary to medically suppress the
normal immune system response to reject a transplant. Therefore, there is a need for a non-invasive

test for transplantation rejection that is more sensitive and more specific than conventional tests.

SUMMARY
In one aspect, the present invention relates to a method of quantifying the amount of donor-
derived ccll-frec DNA (dd-cfDNA) in a blood samplc of a transplant rccipicnt, comprising:
cxtracting DNA from the blood sample of the transplant recipicnt, whercin the DNA compriscs
donor-derived cell-free DNA and recipient-derived cell-free DNA; performing targeted
amplification at 500-50,000 target loci in a single reaction volume using 500-50,000 primer pairs,

wherein the target loci comprise polymorphic loci and non-polymorphic loci, and wherein each
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primer pair is designed to amplify a target sequence of no more than 100 bp; and quantifying the
amount of donor-derived cell-free DNA in the amplification products.

In another aspect, the present invention relates to a method of quantifying the amount of
donor-derived cell-free DNA (dd-cfDNA) in a blood sample of a transplant recipient, comprising:
extracting DNA from the blood sample of the transplant recipient, wherein the DNA comprises
donor-derived cell-free DNA and recipient-derived cell-free DNA, and wherein the extracting step
comprises size selection to enrich for donor-derived cell-free DNA and reduce the amount of
recipient-derived cell-free DNA disposed from bursting white-blood cells; performing targeted
amplification at 500-50,000 targct loci in a single reaction volume using 500-50,000 primer pairs,
whercin the target loci comprisc polymorphic loci and non-polymorphic loci; and quantifying the
amount of donor-derived cell-free DNA in the amplification products.

In another aspect, the present invention relates to a method of detecting donor-derived cell-
free DNA (dd-cfDNA) in a blood sample of a transplant recipient, comprising: extracting DNA
from the blood sample of the transplant recipient, wherein the DNA comprises donor-derived cell-
free DNA and recipient-derived cell-free DNA; performing targeted amplification at 500-50,000
target loci in a single reaction volume using 500-50,000 primer pairs, wherein the target loci
comprise polymorphic loci and non-polymorphic loci; sequencing the amplification products by
high-throughput sequencing; and quantifying the amount of donor-derived cell-free DNA.

In some embodiments, the method (urther comprises performing universal amplification
of the extracted DNA. In some embodiments, the universal amplification preferentially amplifies
donor-derived cell-free DNA over recipient-derived cell-free DNA that are disposed from bursting
white-blood cells.

In some embodiments, the transplant recipient is a mammal. In some embodiments, the
transplant recipient is a human.

In some embodiments, the transplant recipient has received a transplant selected from
organ transplant, tissue transplant, cell transplant, and fluid transplant. In some embodiments, the
transplant recipient has received a transplant selected from kidney transplant, liver transplant,
pancreas transplant, intestinal transplant, heart transplant, lung transplant, heart/lung transplant,
stomach transplant, testis transplant, penis transplant, ovary transplant, uterus transplant, thymus
transplant, face transplant, hand transplant, leg transplant, bone transplant, bone marrow

transplant, cornea transplant, skin transplant, pancreas islet cell transplant, heart valve transplant,
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blood vessel transplant, and blood transfusion. In some embodiments, the transplant recipient has
received a kidney transplant.

In some embodiments, the quantifying step comprises determining the percentage of
donor-derived cell-free DNA out of the total of donor-derived cell-free DNA and recipient-derived
cell-free DNA in the blood sample. In some embodiments, the quantifying step comprises
determining the number of copies of donor-derived cell-free DNA per volume unit of the blood
sample.

In some embodiments, the method further comprises detecting the occurrence or likely
occurrcnee of active rejection of transplantation using the quantificd amount of donor-derived cell-
frce DNA. In somc cmbodiments, thc method is performed without prior knowledge of donor
genotypes.

In some embodiments, each primer pair is designed to amplify a target sequence of about
50-100 bp. In some embodiments, each primer pair is designed to amplify a target sequence of no
more than 75 bp. In some embodiments, each primer pair is designed to amplify a target sequence
of about 60-75 bp. In some embodiments, each primer pair is designed to amplify a target sequence
of about 65 bp.

In some embodiments, the targeted amplification comprises amplifying at least 1,000
polymorphic loci in a single reaction volume. In some embodiments, the targeted amplification
comprises amplilying at least 2,000 polymorphic loci in a single reaction volume. In some
embodiments, the targeted amplification comprises amplifying at least 5,000 polymorphic loci in
a single reaction volume. In some embodiments, the targeted amplification comprises amplifying
at least 10,000 polymorphic loci in a single reaction volume.

In some embodiments, method further comprises measuring an amount of one or more
alleles at the target loci that are polymorphic loci. In some embodiments, the polymorphic loci and
the non-polymorphic loci are amplified in a single reaction.

In some embodiments, the quantifying step comprises detecting the amplified target loci
using a microarray. In some embodiments, the quantifying step does not comprise using a
microarray.

In some embodiments, the targeted amplification comprises simultaneously amplifying

500-50,000 target loci in a single reaction volume using (i) at least 500-50,000 different primer
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pairs, or (ii) at least 500-50,000 target-specific primers and a universal or tag-specific primer 500-
50,000 primer pairs.

In a further aspect, the present invention relates to a method of determining the likelihood
of transplant rejection within a transplant recipient, the method comprising: extracting DNA from
the blood sample of the transplant recipient, wherein the DNA comprises donor-derived cell-free
DNA and recipient-derived cell-free DNA; performing universal amplification of the extracted
DNA; performing targeted amplification at 500-50,000 target loci in a single reaction volume
using 500-50,000 primer pairs, wherein the target loci comprise polymorphic loci and non-
polymorphic loci; scquencing the amplification products by high-throughput scquencing; and
quantifying the amount of donor-derived cell-frec DNA in the blood samplc, wherein a greater
amount of dd-cfDNA indicates a greater likelihood of transplant rejection.

In a further aspect, the present invention relates to a method of diagnosing a transplant
within a transplant recipient as undergoing acute rejection, the method comprising: extracting
DNA from the blood sample of the transplant recipient, wherein the DNA comprises donor-derived
cell-free DNA and recipient-derived cell-free DNA; performing universal amplification of the
extracted DNA; performing targeted amplification at 500-50,000 target loci in a single reaction
volume using 500-50,000 primer pairs, wherein the target loci comprise polymorphic loci and non-
polymorphic loci; sequencing the amplification products by high-throughput sequencing; and
quantifying the amount of donor-derived cell-free DNA in the blood sample, wherein an amount
of dd-cfDNA of greater than 1% indicates that the transplant is undergoing acute rejection.

In some embodiments, the transplant rejection is antibody mediated transplant rejection. In
some embodiments, the transplant rejection is T cell mediated transplant rejection.

In some embodiments, an amount of dd-cfDNA of less than 1% indicates that the transplant
is either undergoing borderline rejection, undergoing other injury, or stable.

In a further aspect, the present invention relates to a method of monitoring
immunosuppressive therapy in a subject, the method comprising: extracting DNA from the blood
sample of the transplant recipient, wherein the DNA comprises donor-derived cell-free DNA and
recipient-derived cell-free DNA; performing universal amplification of the extracted DNA;
performing targeted amplification at 500-50,000 target loci in a single reaction volume using 500-
50,000 primer pairs, wherein the target loci comprise polymorphic loci and non-polymorphic loci;

sequencing the amplification products by high-throughput sequencing; and quantifying the amount
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of donor-derived cell-free DNA in the blood sample, wherein a change in levels of dd-cfDNA over
a time interval is indicative of transplant status.

In some embodiments, the method further comprising adjusting immunosuppressive
therapy based on the levels of dd-cfDNA over the time interval.

In some embodiments, an increase in the levels of dd-cfDNA is indicative of transplant
rejection and a need for adjusting immunosuppressive therapy. In some embodiments, no change
or a decrease in the levels of dd-cfDNA indicates transplant tolerance or stability, and a need for
adjusting immunosuppressive therapy.

In somc cmbodiments, an amount of dd-cfDNA of grcater than 1% indicates that the
transplant is undcrgoing acutc rcjection. In some cmbodiments, the transplant rcjection is antibody
mediated transplant rejection. In some embodiments, the transplant rejection is T cell mediated
transplant rejection.

In some embodiments, an amount of dd-cfDNA of less than 1% indicates that the transplant
is either undergoing borderline rejection, undergoing other injury, or stable.

In some embodiments, the method does not comprise genotyping the transplant donor
and/or the transplant recipient.

In some embodiments, the method further comprises measuring an amount of one or more
alleles at the target loci that are polymorphic loci.

In some embodiments, the target loci comprise at least 1,000 polymorphic loci, or at least
2,000 polymorphic loci, or at least 5,000 polymorphic loci, or at least 10,000 polymorphic loci.

In some embodiments, the target loci that are amplified in amplicons of about 50-100 bp
in length, or about 50-90 bp in length, or about 60-80 bp in length, or about 60-75 bp in length, or
about 65 bp in length.

In some embodiments, the transplant recipient is a human. In some embodiments, the
transplant recipient has received a transplant selected from a kidney transplant, liver transplant,
pancreas transplant, islet cell transplant, intestinal transplant, heart transplant, lung transplant,
bone marrow transplant, heart valve transplant, or a skin transplant. In some embodiments, the
transplant recipient has received a kidney transplant.

In some embodiments, the extracting step comprises size selection to enrich for donor-
derived cell-free DNA and reduce the amount of recipient-derived cell-free DNA disposed from

bursting white-blood cells.



10

15

20

25

30

WO 2020/010255 PCT/US2019/040603

In some embodiments, the universal amplification step preferentially amplifies donor-
derived cell-free DNA over recipient-derived cell-free DNA that are disposed from bursting white-
blood cells.

In some embodiments, the method comprises longitudinally collecting a plurality of blood
samples from the transplant recipient after transplantation, and repeating steps (a) to (e) for each
blood sample collected. In some embodiments, the method comprises collecting and analyzing
blood samples from the transplant recipient for a time period of about three months, or about six
months, or about twelve months, or about eighteen months, or about twenty-four months, etc. In
somc cmbodiments, the mcthod comprises collecting blood samples from the transplant recipient
at an intcrval of about onc weck, or about two wecks, or about thrce wecks, or about onc month,
or about two months, or about three months, etc.

In some embodiments, the method has a sensitivity of at least 80%, or at least 85%, or at
least 90%, or at least 95%, or at least 98% in identifying acute rejection (AR) over non-AR with
a cutoff threshold of 1% dd-cfDNA and a confidence interval of 95%.

In some embodiments, the method has a specificity of at least 6%, or at least 65%, or at
least 70%, or at least 75%, or at least 80%, or at least 85%, or at least 90% in identifying AR over
non-AR with a cutoff threshold of 1% dd-cfDNA and a confidence interval of 95%.

In some embodiments, the method has an area under the curve (AUC) of at least 0.8, or
0.85, or at least 0.9, or at least 0.95 in identilying AR over non-AR with a cutoff threshold of 1%
dd-cfDNA and a confidence interval of 95%.

In some embodiments, the method has a sensitivity of at least 80%, or at least 85%, or at
least 90%, or at least 95%, or at least 98% in identifying AR over normal, stable allografts (STA)
with a cutoff threshold of 1% dd-cfDNA and a confidence interval of 95%.

In some embodiments, the method has a specificity of at least 80%, or at least 85%, or at
least 90%, or at least 95%, or at least 98% in identifying AR over STA with a cutoff threshold of
1% dd-cfDNA and a confidence interval of 95%.

In some embodiments, the method has an AUC of at least 0.8, or 0.85, or at least 0.9, or at
least 0.95, or at least 0.98, or at least 0.99 in identifying AR over STA with a cutoff threshold of
1% dd-cfDNA and a confidence interval of 95%.

In some embodiments, the method has a sensitivity as determined by a limit of blank (LoB)

of 0.5% or less, and a limit of detection (LoD) of 0.5% or less. In some embodiments, LoB is



10

15

20

25

30

WO 2020/010255 PCT/US2019/040603

0.23% or less and LoD is 0.29% or less. In some embodiments, the sensitivity is further determined
by a limit of quantitation (LoQ). In some embodiments, LoQ is 10 times greater than the LoD;
LoQ may be 5 times greater than the LoD; LoQ may be 1.5 times greater than the LoD; LoQ may
be 1.2 times greater than the LoD; LoQ may be 1.1 times greater than the LoD; or LoQ may be
equal to or greater than the LoD. In some embodiments, LoB is equal to or less than 0.04%, LoD
is equal to or less than 0.05%, and/or LoQ is equal to the LoD.

In some embodiments, the method has an accuracy as determined by evaluating a linearity
value obtained from linear regression analysis of measured donor fractions as a function of the
corrcsponding attcmpted spike levels, wherein the lincarity value is a R2 valuc, whercin the R2
valuc 1s from about 0.98 to about 1.0. In somc cmbodiments, thc R2 valuc is 0.999. In somec
embodiments, the method has an accuracy as determined by using linear regression on measured
donor fractions as a function of the corresponding attempted spike levels to calculate a slope value
and an intercept value, wherein the slope value is from about 0.9 to about 1.2 and the intercept
value is from about -0.0001 to about 0.01. In some embodiments, the slope value is approximately
1, and the intercept value is approximately O.

In some embodiments, the method has a precision as determined by calculating a
coefficient of variation (CV), wherein the CV is less than about 10.0%. CV is less than about 6%.
In some embodiments, the CV is less than about 4%. In some embodiments, the CV is less than
aboutl 2%. In some embodiments, the CV is less than about 1%.

In some embodiments, the AR is antibody-mediated rejection (ABMR). In some
embodiments, the AR is T-cell-mediated rejection (TCMR).

Further disclosed herein are methods for detection of transplant donor-derived cell-free
DNA (dd-cfDNA) in a sample from a transplant recipient. In some embodiments, in the methods
disclosed herein, the transplant recipient is a mammal. In some embodiments, the transplant
recipient is a human. In some embodiments, the transplant recipient has received a transplant
selected from a kidney transplant, liver transplant, pancreas transplant, islet cell transplant,
intestinal transplant, heart transplant, lung transplant, bone marrow transplant, heart valve
transplant, or a skin transplant. In some embodiments, the transplant recipient has received a
kidney transplant. In some embodiments, the method may be performed on transplant recipients

the day of or after transplant surgery, up to a year following transplant surgery.
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In some embodiments, disclosed herein is a method of amplifying target loci of donor-
derived cell-free DNA (dd-cfDNA) from a blood sample of a transplant recipient, the method
comprising: a) extracting DNA from the blood sample of the transplant recipient, wherein the
DNA comprises cell-free DNA derived from both the transplanted cells and from the transplant
recipient, b) enriching the extracted DNA at target loci, wherein the target loci comprise 50 to
5000 target loci comprising polymorphic loci and non-polymorphic loci; and c¢) amplifying the
target loci.

In some embodiments, disclosed herein is a method of detecting donor-derived cell-free
DNA (dd-cfDNA) in a blood sample from a transplant recipient, the method comprising: a)
extracting DNA from the blood sample of the transplant recipient, wherein the DNA comprises
cell-free DNA derived from both the transplanted cells and from the transplant recipient, b)
enriching the extracted DNA at target loci, wherein the target loci comprise 50 to 5000 target loci
comprising polymorphic loci and non-polymorphic loci; ¢) amplifying the target loci; d) contacting
the amplified target loci with probes that specifically hybridize to target loci; and e) detecting
binding of the target loci with the probes, thereby detecting dd-cfDNA in the blood sample. In
some embodiments, the probes are labelled with a detectable marker.

In some embodiments, disclosed herein is a method of determining the likelihood of
transplant rejection within a transplant recipient, the method comprising: a) extracting DNA from
the blood sample of the transplant recipient, wherein the DNA comprises cell-free DNA derived
from both the transplanted cells and from the transplant recipient, b) enriching the extracted DNA
at target loci, wherein the target loci comprise 50 to 5000 target loci comprising polymorphic loci
and non-polymorphic loci; ¢) amplifying the target loci; and d) measuring an amount of transplant
DNA and an amount of recipient DNA 1n the recipient blood sample; wherein a greater amount of
dd-cfDNA indicatcs a greater likclihood of transplant rcjection.

In somc cmbodiments, disclosed herein is a method of diagnosing a transplant within a
transplant recipicnt as undergoing acute rcjection, the method comprising: a) extracting DNA from
the blood sample of the transplant recipicnt, wherein the DNA compriscs ccll-free DNA derived
from both the transplanted cells and from the transplant recipient, b) enriching the extracted DNA
at target loci, wherein the target loci comprise 50 to 5000 target loci comprising polymorphic loci

and non-polymorphic loci; ¢) amplifying the target loci; and d) measuring an amount of transplant
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DNA and an amount of recipient DNA in the recipient blood sample; wherein an amount of dd-
cfDNA of greater than 1% indicates that the transplant is undergoing acute rejection.

In some embodiments, in the methods disclosed herein, the transplant rejection is antibody
mediated transplant rejection. In some embodiments, the transplant rejection is T cell mediated
transplant rejection. In some embodiments, an amount of dd-cfDNA of less than 1% indicates that
the transplant is either undergoing borderline rejection, undergoing other injury, or stable.

In some embodiments, disclosed herein is a method of monitoring immunosuppressive
therapy in a subject, the method comprising a) extracting DNA from the blood sample of the
transplant recipicnt, wherein the DNA compriscs ccll-frce DNA derived from both the transplanted
cells and from the transplant recipicnt, b) cnriching the cxtracted DNA at targcet loci, wherein the
target loci comprise 50 to 5000 target loci comprising polymorphic loci and non-polymorphic loci;
¢) amplifying the target loci; and d) measuring an amount of transplant DNA and an amount of
recipient DNA in the recipient blood sample; wherein a change in levels of dd-cfDNA over a time
interval is indicative of transplant status. In some embodiments, the method further comprises
adjusting immunosuppressive therapy based on the levels of dd-cfDNA over the time interval. In
some embodiments, an increase in the levels of dd-cfDNA are indicative of transplant rejection
and a need for adjusting immunosuppressive therapy. In some embodiments, a change or a
decrease in the levels of dd-cfDNA indicates transplant tolerance or stability, and a need for
adjusting immunosuppressive therapy.

In some embodiments, in the methods disclosed herein, the target loci that are amplified in
amplicons of about 50-100 bp in length, or about 60-80 bp in length. In some embodiments, the
amplicons are about 65 bp in length.

In some embodiments, the methods disclosed herein further comprise measuring an amount
of transplant DNA and an amount of recipient DNA in the recipient blood sample.

In some embodiments, the methods disclosed herein do not comprise genotyping the
transplant donor and the transplant recipient.

In some embodiments, the methods disclosed herein further comprise detecting the
amplified target loci using a microarray.

6. In some embodiments, in the methods disclosed herein, the polymorphic loci and the non-

polymorphic loci are amplified in a single reaction.
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In some embodiments, in the methods disclosed herein, the DNA is preferentially enriched
at the target loci.

In some embodiments, preferentially enriching the DNA in the sample at the plurality of
polymorphic loci includes obtaining a plurality of pre-circularized probes where each probe targets
one of the polymorphic loci, and where the 3” and 5’ end of the probes are designed to hybridize
to a region of DNA that is separated from the polymorphic site of the locus by a small number of
bases, where the small numberis 1, 2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,
21 to 25, 26 to 30, 31 to 60, or a combination thereof, hybridizing the pre-circularized probes to
DNA from thc samplc, filling the gap between the hybridized probe ends using DNA polymerasc,

circularizing the pre-circularized probe, and amplifying the circularized probe.

In some embodiments, preferentially enriching the DNA at the plurality of polymorphic
loci includes obtaining a plurality of ligation-mediated PCR probes where each PCR probe targets
one of the polymorphic loci, and where the upstream and downstream PCR probes are designed to
hybridize to a region of DNA, on one strand of DNA, that is separated from the polymorphic site
of the locus by a small number of bases, where the small numberis 1,2, 3,4,5,6,7,8,9, 10, 11,
12,13, 14,15, 16, 17, 18, 19, 20, 21 to 25, 26 to 30, 31 to 60, or a combination thereof, hybridizing
the ligation-mediated PCR probes to the DNA from the first sample, filling the gap between the
ligation-mediated PCR probe ends using DNA polymerase, ligating the ligation-mediated PCR
probes, and amplilying the ligated ligation-mediated PCR probes.

In some embodiments, preferentially enriching the DNA at the plurality of polymorphic
loci includes obtaining a plurality of hybrid capture probes that target the polymorphic loci,
hybridizing the hybrid capture probes to the DNA in the sample and physically removing some or
all of the unhybridized DNA from the first sample of DNA.

In some embodiments, the hybrid capture probes are designed to hybridize to a region that
is flanking but not overlapping the polymorphic site. In some embodiments, the hybrid capture
probes are designed to hybridize to a region that is flanking but not overlapping the polymorphic
site, and where the length of the flanking capture probe may be selected from the group consisting
of less than about 120 bases, less than about 110 bases, less than about 100 bases, less than about
90 bases, less than about 80 bases, less than about 70 bases, less than about 60 bases, less than
about 50 bases, less than about 40 bases, less than about 30 bases, and less than about 25 bases.

In some embodiments, the hybrid capture probes are designed to hybridize to a region that overlaps

10
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the polymorphic site, and where the plurality of hybrid capture probes comprise at least two hybrid
capture probes for each polymorphic loci, and where each hybrid capture probe is designed to be
complementary to a different allele at that polymorphic locus.

In some embodiments, preferentially enriching the DNA at a plurality of polymorphic loci
includes obtaining a plurality of inner forward primers where each primer targets one of the
polymorphic loci, and where the 3 end of the inner forward primers are designed to hybridize to
a region of DNA upstream from the polymorphic site, and separated from the polymorphic site by
a small number of bases, where the small number is selected from the group consisting of 1, 2, 3,
4,5,6t0 10, 11 to 15, 16 to 20, 21 to 25, 26 to 30, or 31 to 60 basc pairs, optionally obtaining a
plurality of inner reverse primers where cach primer targets onc of the polymorphic loci, and where
the 3° end of the inner reverse primers are designed to hybridize to a region of DNA upstream
from the polymorphic site, and separated from the polymorphic site by a small number of bases,
where the small number is selected from the group consisting of 1, 2, 3,4,5,6to 10, 11 to 15, 16
to 20, 21 to 25, 26 to 30, or 31 to 60 base pairs, hybridizing the inner primers to the DNA, and
amplifying the DNA using the polymerase chain reaction to form amplicons.

In some embodiments, the method also includes obtaining a plurality of outer forward
primers where each primer targets one of the polymorphic loci, and where the outer forward
primers are designed to hybridize to the region of DNA upstream from the inner forward primer,
optionally obtaining a plurality of ouler reverse primers where each primer targets one of the
polymorphic loci, and where the outer reverse primers are designed to hybridize to the region of
DNA immediately downstream from the inner reverse primer, hybridizing the first primers to the
DNA, and amplifying the DNA using the polymerase chain reaction.

In some embodiments, the method also includes obtaining a plurality of outer reverse
primers where each primer targets one of the polymorphic loci, and where the outer reverse primers
are designed to hybridize to the region of DNA immediately downstream from the inner reverse
primer, optionally obtaining a plurality of outer forward primers where each primer targets one of
the polymorphic loci, and where the outer forward primers are designed to hybridize to the region
of DNA upstream from the inner forward primer, hybridizing the first primers to the DNA, and
amplifying the DNA using the polymerase chain reaction.

In some embodiments, preparing the first sample further includes appending universal

adapters to the DNA in the first sample and amplifying the DNA in the first sample using the

11
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polymerase chain reaction. In some embodiments, at least a fraction of the amplicons that are
amplified are less than 100 bp, less than 90 bp, less than 80 bp, less than 70 bp, less than 65 bp,
less than 60 bp, less than 55 bp, less than 50 bp, or less than 45 bp, and where the fraction is 10%,
20%., 30%, 40%., 50%., 60%, T0%, 80%, 90%, or 99%.

In some embodiments, amplifying the DNA is done in one or a plurality of individual
reaction volumes, and where each individual reaction volume contains more than 100 different
forward and reverse primer pairs, more than 200 different forward and reverse primer pairs, more
than 500 different forward and reverse primer pairs, more than 1,000 different forward and reverse
primer pairs, morc than 2,000 different forward and reverse primer pairs, more than 5,000 different
forward and rcverse primer pairs, morc than 10,000 differcnt forward and rcverse primer pairs,
more than 20,000 different forward and reverse primer pairs, more than 50,000 different forward
and reverse primer pairs, or more than 100,000 different forward and reverse primer pairs.

In some embodiments, preparing the sample further comprises dividing the sample into a
plurality of portions, and where the DNA in each portion is preferentially enriched at a subset of
the plurality of polymorphic loci. In some embodiments, the inner primers are selected by
identifying primer pairs likely to form undesired primer duplexes and removing from the plurality
of primers at least one of the pair of primers identified as being likely to form undesired primer
duplexes. In some embodiments, the inner primers contain a region that is designed to hybridize
either upstream or downstream ol the targeted polymorphic locus, and optionally contain a
universal priming sequence designed to allow PCR amplification. In some embodiments, at least
some of the primers additionally contain a random region that differs for each individual primer
molecule. In some embodiments, at least some of the primers additionally contain a molecular
barcode.

In some embodiments, the method comprises: (a) performing multiplex polymerase
chain reaction (PCR) on a nucleic acid sample comprising target loci to simultaneously amplify at
least 1,000 distinct target loci using either (i) at least 1,000 different primer pairs, or (ii) at least
1,000 target-specific primers and a universal or tag-specific primer, in a single reaction volume to
produce amplified products comprising target amplicons; and (b) sequencing the amplified
products. In some embodiments, the method does not comprise using a microarray.

In some embodiments, the method comprises (a) performing multiplex polymerase chain

reaction (PCR) on the cell free DNA sample comprising target loci to simultaneously amplify at
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least 1,000 distinct target loci using either (i) at least 1,000 different primer pairs, or (ii) at least
1,000 target-specific primers and a universal or tag-specific primer, in a single reaction volume to
produce amplified products comprising target amplicons; and b) sequencing the amplified
products. In some embodiments, the method does not comprise using a microarray.

In some embodiments, the method also includes obtaining genotypic data from one or both
of the transplant donor and the transplant recipient. In some embodiments, obtaining genotypic
data from one or both of the transplant donor and the transplant recipient includes preparing the
DNA from the donor and the recipient where the preparing comprises preferentially enriching the
DNA at the plurality of polymorphic loci to give preparcd DNA, optionally amplifying the
preparcd DNA, and mcasuring thc DNA in the preparcd sample at the plurality of polymorphic
loci.

In some embodiments, building a joint distribution model for the expected allele count
probabilities of the plurality of polymorphic loci on the chromosome is done using the obtained
genetic data from the one or both of the transplant donor and the transplant recipient. In some
embodiments, the first sample has been isolated from transplant recipient plasma and where the
obtaining genotypic data from the transplant recipient is done by estimating the recipient genotypic
data from the DNA measurements made on the prepared sample.

In some embodiments, preferential enrichment results in average degree of allelic bias
between the prepared sample and the [irst sample of a [actor selected [rom the group consisting of
no more than a factor of 2, no more than a factor of 1.5, no more than a factor of 1.2, no more than
a factor of 1.1, no more than a factor of 1.05, no more than a factor of 1.02, no more than a factor
of 1.01, no more than a factor of 1.005, no more than a factor of 1.002, no more than a factor of
1.001 and no more than a factor of 1.0001. In some embodiments, the plurality of polymorphic
loci are SNPs. In some embodiments, measuring the DNA in the prepared sample is done by
sequencing.

In some embodiments, a diagnostic box is disclosed for helping to determine transplant
status in a transplant recipient where the diagnostic box is capable of executing the preparing and
measuring steps of the disclosed methods.

In some embodiments, the allele counts are probabilistic rather than binary. In some

embodiments, measurements of the DNA in the prepared sample at the plurality of polymorphic
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loci are also used to determine whether or not the transplant has inherited one or a plurality of
linked haplotypes.

In some embodiments, building a joint distribution model for allele count probabilities is
done by using data about the probability of chromosomes crossing over at different locations in a
chromosome to model dependence between polymorphic alleles on the chromosome. In some
embodiments, building a joint distribution model for allele counts and the step of determining the
relative probability of each hypothesis are done using a method that does not require the use of a
reference chromosome.

In somc cmbodiments, determining the relative probability of cach hypothesis makes usc
of an cstimatcd fraction of donor-derived cell-free DNA (dd-cfDNA) in the preparcd sample. In
some embodiments, the DNA measurements from the prepared sample used in calculating allele
count probabilities and determining the relative probability of each hypothesis comprise primary
genetic data. In some embodiments, selecting the transplant status corresponding to the hypothesis
with the greatest probability is carried out using maximum likelihood estimates or maximum a
posteriori estimates.

In some embodiments, calling the transplant status also includes combining the relative
probabilities of each of the status hypotheses determined using the joint distribution model and the
allele count probabilities with relative probabilities of each of the status hypotheses that are
calculated using statistical techniques taken [rom a group consisting of a read count analysis,
comparing heterozygosity rates, a statistic that is only available when parental genetic information
is used, the probability of normalized genotype signals for certain donor/recipient contexts, a
statistic that is calculated using an estimated transplant fraction of the first sample or the prepared
sample, and combinations thereof.

In some embodiments, a confidence estimate is calculated for the called transplant status.
In some embodiments, the method also includes taking a clinical action based on the called
transplant status.

In some embodiments, a report displaying a determined transplant status is generated using
the method. In some embodiments, a kit is disclosed for determining a transplant status designed
to be used with the methods disclosed herein, the kit including a plurality of inner forward primers
and optionally the plurality of inner reverse primers, where each of the primers is designed to

hybridize to the region of DNA immediately upstream and/or downstream from one of the
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polymorphic sites on the target chromosome, and optionally additional chromosomes, where the
region of hybridization is separated from the polymorphic site by a small number of bases, where
the small number is selected from the group consisting of 1, 2, 3,4, 5, 6 to 10, 11 to 15, 16 to 20,
21 to 25, 26 to 30, 31 to 60, and combinations thereof.

In some embodiments, the methods disclosed herein comprise a selection step to select for
shorter cfDNA.

In some embodiments, the methods disclosed herein comprise a universal application step
to enrich for cfDNA.

In somc cmbodiments, the determination that the amount of dd-cfDNA abovce a cutoff
threshold is indicative of acutc rcjection of the transplant. Machinc lcarning may bc uscd to resolve
rejection vs non-rejection.

In some embodiments, the cutoff threshold value is expressed as percentage of dd-cfDNA
(dd-cfDNA%) in the blood sample.

In some embodiments, the cutoff threshold value is expressed as copy number of dd-
cfDNA per volume unit of the blood sample.

In some embodiments, the cutoff threshold value is expressed as copy number of dd-
cfDNA per volume unit of the blood sample multiplied by body mass or blood volume of the
transplant recipient.

In some embodiments, the cutoll threshold value takes into account the body mass or
blood volume of the patient.

In some embodiments, the cutoff threshold value takes into account one or more of the
followings: donor genome copies per volume of plasma, cell-free DNA yield per volume of
plasma, donor height, donor weight, donor age, donor gender, donor ethnicity, donor organ mass,
donor organ, live vs deceased donor, related vs unrelated donor, recipient height, recipient weight,
recipient age, recipient gender, recipient ethnicity, creatinine, eGFR (estimated glomerular
filtration rate), cfDNA methylation, DSA (donor-specific antibodies), KDPI (kidney donor profile
index), medications (immunosuppression, steroids, blood thinners, etc.), infections (BKV, EBV,
CMYV, UTI), recipient and/or donor HLA alleles or epitope mismatches, Banff classification of
renal allograft pathology, and for-cause vs surveillance or protocol biopsy.

In some embodiments, the cutoff threshold value is scaled according to the amount of total

cfDNA in the blood sample.
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In some embodiments, the method has a sensitivity of at least 80% in identifying acute
rejection (AR) over non-AR when the dd-cfDNA amount is above the cutoff threshold value scaled
according to the amount of total cfDNA in the blood sample and a confidence interval of 95%.

In some embodiments, the method has a specificity of at least 70% in identifying acute
rejection (AR) over non-AR when the dd-cfDNA amount is above the cutoff threshold value scaled
according to the amount of total cfDNA in the blood sample and a confidence interval of 95%.

In some embodiments, the method has a sensitivity of at least 80% in identifying acute
rejection (AR) over non-AR when the dd-cfDNA amount is above the cutoff threshold value scaled
according to thc amount of total cfDNA in the blood sample and a confidence interval of 95%. In
somc cmbodiments, thec mcthod has a scnsitivity of at lcast 85% in identifying acute rcjection
(AR) over non-AR when the dd-cfDNA amount is above the cutoff threshold value scaled
according to the amount of total cfDNA in the blood sample and a confidence interval of 95%. In
some embodiments, the method has a sensitivity of at least 90% in identifying acute rejection
(AR) over non-AR when the dd-cfDNA amount is above the cutoff threshold value scaled
according to the amount of total cfDNA in the blood sample and a confidence interval of 95%. In
some embodiments, the method has a sensitivity of at least 95% in identifying acute rejection
(AR) over non-AR when the dd-cfDNA amount is be above the cutoff threshold value scaled
according to the amount of total cfDNA in the blood sample and a confidence interval of 95%.

In some embodiments, the method has a specificity of at least 70% in identifying acute
rejection (AR) over non-AR when the dd-cfDNA amount is above the cutoff threshold value scaled
according to the amount of total cfDNA in the blood sample and a confidence interval of 95%.
In some embodiments, the method has a specificity of at least 75% in identifying acute rejection
(AR) over non-AR when the dd-cfDNA amount is above the cutoff threshold value scaled
according to the amount of total cfDNA in the blood sample and a confidence interval of 95%. In
some embodiments, the method has a specificity of at least 85% in identifying acute rejection
(AR) over non-AR when the dd-cfDNA amount is above the cutoff threshold value scaled
according to the amount of total cfDNA in the blood sample and a confidence interval of 95%. In
some embodiments, the method has a specificity of at least 90% in identifying acute rejection
(AR) over non-AR when the dd-cfDNA amount is above the cutoff threshold value scaled
according to the amount of total cfDNA in the blood sample and a confidence interval of 95%. In

some embodiments, the method has a specificity of at least 95% in identifying acute rejection
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(AR) over non-AR when the dd-cfDNA amount is above the cutoff threshold value scaled

according to the amount of total cfDNA in the blood sample and a confidence interval of 95%.

BRIEF DESCRIPTION OF THE DRAWINGS

The presently disclosed embodiments will be further explained with reference to the
attached drawings, wherein like structures are referred to by like numerals throughout the several
views. The drawings shown are not necessarily to scale, with emphasis instead generally being
placed upon illustrating the principles of the presently disclosed embodiments.

FIG. 1 cxcmplifics how DNA rclcascd from transplanted kidneys into the bloodstrcam is
clevated in acutc graft rcjection.

FIG. 2 exemplifies the high capacity that dd-cfDNA demonstrates for detection of kidney
transplant rejection. Using a threshold of 1% dd-cfDNA, a sensitivity of 92.3%, a specificity of
72.9% and an AUC of 0.9 is achieved.

FIG. 3 exemplifies the % dd-cfDNA between kidney transplant recipients that were either
stable, undergoing acute rejection, undergoing borderline rejection, or experiencing other
transplant injury.

FIG. 4 exemplifies the ability of the disclosed methods to detect either borderline or acute
transplant rejections where the transplants are undergoing either antibody-mediated rejection
(ABMR) or T-cell mediated rejection (TCMR).

FIG. 5 exemplifies the clinical relevance of detecting dd-cfDNA, as disclosed herein, for
detection of transplant rejection immediately following surgery.

FIG. 6 exemplifies the value of repeated measurements within individual transplant
recipient patients following transplantation surgery.

FIG. 7 exemplifies the discriminatory ability of serum creatinine levels to discriminate
between transplants undergoing acute rejection (AR) and those not undergoing acute rejection
(Non-AR).

FIG. 8 is a flow-chart illustrating a conventional approach to mutation calling and a motif-

specific approach to mutation calling.
FIG. 9 illustrates one or more implementations of modelling a sample preparation process.

FIG. 10 illustrates a block diagram of one or more implementations of an error analysis

system.
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FIG. 11 illustrates one or more implementations of a method for calling a mutation using

a motif-specific error model.

FIG. 12 illustrates one or more implementations of a method for determining a mutation
fraction.

FIG. 13: Plasma Sample Breakdown.

FIG. 14A-C: Discrimination of active rejection by dd-cfDNA (A) versus creatinine (B) and
eGFR (C). Boxes indicate interquartile range (25% to 75 percentile); horizontal lines in boxes
represent medians; dots indicate outliers >1.5 times the upper quartile value. For Panel C, eGFR
values were only calculated for 200 samples due to the availably of data; the non-AR group for
eGFR analysis included 79 borderline, 65 other injury, and 7 stable samples. P-values for dd-
cfDNA adjusted using Kruskal-Wallis rank sum test followed by Dunn multiple comparison tests
with Holm correction; P-values for creatinine and eGFR adjusted via Tukey’s test.

FIG. 15A-C: Predictive statistics for acute rejection versus non-acute rejection.

FIG. 16: Predictive statistics for acute rejection versus stable. Boxes indicate inter-quartile
range, horizontal lines represent medians.

FIG. 17: dd-cfDNA as a function of antibody-mcdiated— versus T-cell-mediated rejection.
Boxes indicate interquartile range (25% to 75% percentile); horizontal lines in boxes represent
medians; dots indicate all individual data points. P-values for dd-cfDNA adjusted using Kruskal-
Wallis rank sum test followed by Dunn multiple comparison tests with Holm correction. ABMR,
antibody-mediated rejection; b, borderline; TCMR, T-cell-mediated rejection.

FIG. 18A-F: Modeling dd-cfDNA as a function of Banff scores. Six (of 15) histological
features with significant differences in dd-cfDNA level by Banff scores are shown here (P<0.01
for all). Boxes indicate interquartile range (25" to 75" percentile); horizontal lines in boxes
represent medians; dots indicate all individual data points by rejection status. P-values for dd-
c[DNA adjusted using Kruskal-Wallis rank sum test followed by Dunn multiple comparison tests
with Holm correction.

FIG. 19: Relationship between dd-cfDNA and donor type. No significant difference by
donor type was observed (P>0.46). P-values for dd-cfDNA adjusted using Kruskal-Wallis rank

sum test followed by Dunn multiple comparison tests with Holm correction.
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FIG. 20A-B: Variability in dd-cfDNA over time. (A) Inter-patient variability (60 samples
from 60 patients over time). (B) Intra-patient variability (samples from the same 10 patients over
time)

FIG. 21A-D: dd-cfDNA Levels over Time in Patients with Acute Rejection.

FIG. 22: Flow diagram of the experimental design

FIG. 23A-D: Histograms of measured donor fractions. FIG. 23A shows measured donor
fractions for related samples from Lot 1. FIG. 23B shows measured donor fractions for unrelated
samples from Lot 1. FIG. 23C shows measured donor fractions for related samples from Lot 2.
FIG. 23D shows mcasurcd donor fractions for unrclatcd samples from Lot 2.

FIG. 24A-B: Graphs showing mcasurcd percent CV valucs as a function of the
corresponding percent empirical means for related samples (A) and unrelated samples (B).

FIG. 25A-C: Graphs showing measured donor fractions as a function of the corresponding
attempted spike levels, along with the calculated linear fit for related cases only (A), for unrelated
cases only (B), for related and unrelated cases together (C).

FIG. 26 A-C: Graphs showing measured donor fractions as a function of the corresponding
attempted spike levels on log-log scale for related cases only (A), for unrelated cases only (B), for
related and unrelated cases together (C).

FIG. 27A-C: Graphs showing measured donor fractions as a function of the corresponding
ddPCR values, along with the calculated linear [it [or related cases only (A), unrelated cases only
(B), related and unrelated cases together (C).

FIG. 28A-B: Graphs showing measured donor fractions from Lot 2 as a function of the
values from Lot 1 on linear scale, along with the calculated linear fit (A) and on log-log scale (B).

FIG. 29A-D: Graphs showing histograms of measured donor fractions for: related gDNA
(A), unrelated gDNA (B), related cfDNA (C), and unrelated cfDNA samples (D).

FIG. 30A-D: Graphs showing histograms of centered, measured donor fractions for: related
samples from Lot 1 (A), related samples from Lot 2 (B), unrelated samples from Lot 1 (C), and
unrelated samples from Lot 2 (D).

FIG. 31A-B: Graphs depicting cmpirical standard deviations as a function of the
corresponding empirical meauns for: related samples from Lot 1 and Lot 2(A), unrelated samples

from Lot | and Lot 2 (B).
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FIG. 32A-B: QGraphs depicting measured percent €V values as a function of the
corresponding percent empirical means, particolarized with respect to input amonnt, for gDNA
samples: from related saraples (A) and from unrelated saraples (B).

FIG. 33A-B: Graphs depicting measured percent €V values as a function of the
corresponding percent empirical means for cfIDNA samples: from related samples (A) and from
unvelated samples (B

FIG, 34A-C: Graphs depicting measured donor fractions as a function of the corresponding
donor fraction values measure by using HNR, along with the caleunlated linear fit for related cases
only {A), for anrelated cascs only(B), and both related and unrclated cases{Ch

FIG. 35A-C: Graphs depicting racasured donor fractions as a function of the corresponding
attempted spike levels, along with the calcnlated Hnear fit, for gDNA samples from related cases
only (A}, from unrelated cases only (B}, and both related and unrelated cases together ().

FIG. 36A-C: Graphs depicting measared donor {ractions as a function of the corresponding
attempted spike levels on log-log scale for gDNA samples: from related cases only (A), from
nnrelated cases only (B), and related and wnwelated cases together (O).

FIG. 37A-C: Graphs depicting measured donor fractions as a function of the corresponding
atterapted spike levels, along with the calculated linear fit, for of DNA samples from related cases
only (A}, from unrelated cases only (B8), and from related and vnrelated cases together (C).

FIG. 38A-C: Graphs depicting measured donor {ractions s a {unction of the corresponding
attempied spike levels on log-log scale for ¢fDNA samples: from related cases only (A}, from
unirelated cases only (B), and related and unrelated cases together(C).

FIG. 39A-B: Graphs showing histograms of measured donor fractions {or {(A) 0.6% spike
ievel and (B) 2.4% spike level.

FIG. 40A-B: Accuracy assessment of KidneyScan (A) and Grskovic et al assay (B).

FIG. 41: Discrimaination of active rejection by dd-c{DNA in biopsy-matched samples (data
stratified by biopsy type). Boxes indicate inter-quartile range, horizontal lines represent medians.

FIG. 42; Discrimination of active rejection by dd-cfDNA {A) versus eGFR (B} Boxes
indicate interquartile range (25% to 75% percentile); horizontal lines in boxes represent medians;
dots indicate outliers >1.5 tivaes the upper quartile value. P-values for dd-cfDNA and eGFR using
Kruskal-Wallis rank sum test indicate a significative difference between the medians of the AR

and non-rejection groups for both markers
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FIG. 43: dd-cfDNA as a function of antibody-mediated versus T-cell-mediated rejection.
Boxes indicate interquartile range (23% to 75" percentile); horizontal lines in boxes represent
medians; dots indicate all individoal data points. F-values for dd-cfDNA adjusted using Kruskal-
Wallis rank sum test followed by Dunn multiple comparison tests with Holm correction. “Samples
assigned ABMR and bTCMR. "Samples assign ABMR and TCMR. “Samples assigned TCMR and
bABMR. ABMR, antibody-mediated rejection: b, borderline; TCMR, T-cell-mediated rejection.

FIG, 44; Relationship between dd-cfDNA and donor type. No significant difference by
donor type was observed (#£>0.46). P-values for dd-ofDNA adjusted using Kruskal-Wallis rank
sum tost followed by Dunn multiple comparison tosts with Holm correction.

FIG. 45; Cumulative distributions of SNP munor allcle frequency according to cthnicity.

Hi(s. 46: Allele ratios for SKNPs on chromosomes 13, 18, 21 for sample with 9% donor
fraction. The SNPs between the black horizontal lines are removed from the calculation.

FIG. 47: Allele ratios for SNPs on chromosornes 13, 18, 21 for sample with 0.4% donor
fraction.

FIG. 48: Performance of wsing donor copies/mL and dovor copiesfmnl¥kg as the metric
with fixed threshold. Black arrows shows protocol active rejection and T-cell mediated rejections
missed by using dd-cfDNA% as the threshold metric.

FIG. 49: Graph depicting dd-cfTdNA% (upper panel}, donor copies/mi. {middie panel), and
donor copies/mb*kg (ower panel) {rom patient data as a function of ng ¢fDNA/mL plasma.

FIG. 50: Stratification of samples by ¢fDNA ng/ml ammounis. As clDNA ng/ml increases,
both sensitivity and specificity increase for donor copies/mL and donor copies/mb*kg as the
raetric.

FIG. 51: Distribution of active rejection (AR) and non rejection (NON_AR) samples across
quartile (upper panel) and octile (lower panel) stratification of sarnples by cfONA ng/mbL amounts.

FIG. 52: Swratification of samples by ¢fDNA ng/mL amonnts and {urther categorized based
on determination of antibady mediated rejection {ABMR) or T-cell mediated rejection {TCMR).
The panels shows determination of ABMR or TCMR based on dd-cfDNAY%, donor copies/ml,, or
donor copies /mb*kg threshold metrics as indicated in the figure panel.

While the above-identified drawings set forth presently disclosed embodiments, other
embodiments are also contemplated, as noted in the discussion. This disclosure presents illustrative

embodiments by way of representation and not limitation. Numerous other modifications and
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embodiments can be devised by those skilled in the art which fall within the scope and spirit of the

principles of the presently disclosed embodiments.

DETAILED DESCRIPTION

Disclosed herein are methods for detection of transplant donor-derived cell-free DNA (dd-

cfDNA) in a sample from a transplant recipient.
In some embodiments, disclosed herein is a method of amplifying target loci of donor-derived cell-
free DNA (dd-cfDNA) from a blood sample of a transplant recipient, the method comprising: a)
extracting DNA from the blood sample of the transplant recipient, wherein the DNA
comprises cell-free DNA derived from both the transplanted cells and from the transplant recipient,
b) enriching the extracted DNA at target loci, wherein the target loci comprise 50 to 5000 target
loci comprising polymorphic loci and non-polymeorphic loci; and ¢) amplifying the target loci.

In some embodiments, disclosed herein is a method of detecting donor-derived cell-free
DNA (dd-cfDNA) in a blood sample from a transplant recipient, the method comprising: a)
extracting DNA from the blood sample of the transplant recipient, wherein the DNA comprises
cell-free DNA derived from both the transplanted cells and from the transplant recipient, b)
enriching the extracted DNA at target loci, wherein the target loci comprise 50 to 5000 target loci
comprising polymorphic loci and non-polymorphic loci; ¢) amplifying the target loci; d) contacting
the amplified target loci with probes that specifically hybridize to target loci; and e) detecting
binding of the target loci with the probes, thereby detecting dd-c[DNA in the blood sample. In
some embodiments, the probes are labelled with a detectable marker.

In some embodiments, disclosed herein is a method of determining the likelihood of
transplant rejection within a transplant recipient, the method comprising: a) extracting DNA from
the blood sample of the transplant recipient, wherein the DNA comprises cell-free DNA derived
from both the transplanted cells and from the transplant recipient, b) enriching the extracted DNA
at target loci, wherein the target loci comprise 50 to 5000 target loci comprising polymorphic loci
and non-polymorphic loci; ¢) amplifying the target loci; and d) measuring an amount of transplant
DNA and an amount of recipient DNA in the recipient blood sample; wherein a greater amount of

dd-cfDNA indicates a greater likelihood of transplant rejection.
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In some embodiments, disclosed herein is a method of diagnosing a transplant within a
transplant recipient as undergoing acute rejection, the method comprising: a) extracting DNA from
the blood sample of the transplant recipient, wherein the DNA comprises cell-free DNA derived
from both the transplanted cells and from the transplant recipient, b) enriching the extracted DNA
at target loci, wherein the target loci comprise 50 to 5000 target loci comprising polymorphic loci
and non-polymorphic loci; ¢) amplifying the target loci; and d) measuring an amount of transplant
DNA and an amount of recipient DNA in the recipient blood sample; wherein an amount of dd-
cfDNA of greater than 1% indicates that the transplant is undergoing acute rejection.

In an ecmbodiment, a mecthod disclosed hercin uses sclective enrichment techniques that
preserve the rclative allele frequencics that are present in the original sample of DNA at cach
polymorphic locus from a set of polymorphic loci. In some embodiments the amplification and/or
selective enrichment technique may involve PCR such as ligation mediated PCR, fragment capture
by hybridization, MOLECULAR INVERSION PROBES, or other circularizing probes. In some
embodiments, methods for amplification or selective enrichment may involve using probes where,
upon correct hybridization to the target sequence, the 3-prime end or 5-prime end of a nucleotide
probe is separated from the polymorphic site of the allele by a small number of nucleotides. This
separation reduces preferential amplification of one allele, termed allele bias. This is an
improvement over methods that involve using probes where the 3-prime end or 5-prime end of a
correctly hybridized probe are directly adjacent to or very near (o the polymorphic site of an allele.
In an embodiment, probes in which the hybridizing region may or certainly contains a polymorphic
site are excluded. Polymorphic sites at the site of hybridization can cause unequal hybridization or
inhibit hybridization altogether in some alleles, resulting in preferential amplification of certain
alleles. These embodiments are improvements over other methods that involve targeted
amplification and/or selective enrichment in that they better preserve the original allele frequencies
of the sample at each polymorphic locus, whether the sample is pure genomic sample from a single
individual or mixture of individuals.

After blood draw and before DNA extraction, blood cells within a blood sample may burse
and shed long fragments of DNA into the sample, which would increase the total amount of cell-
free DNA (cfDNA) and background noise, distorting thd % of dd-cfDNA detected. In order to
reduce such background noise, and based on the observation that dd-cfDNA is typically shorter

than DNA shredded from a transplant recipient blood cell, two particular enrichments for dd-
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cfDNA are contemplated. In one embodiment, a size selection is applied to select for shorter
cfDNA. In another embodiment, a universal amplification step is applied to reduce noise (e.g.,
before applying multiplex PCR), based on the hypothesis that shorter dd-cfDNA (often in
mononucleosome form) is amplified more efficiently than longer transplant recipient-derived
DNA

In an embodiment, a method disclosed herein uses highly efficient highly multiplexed
targeted PCR to amplify DNA followed by high throughput sequencing to determine the allele
frequencies at each target locus. The ability to multiplex more than about 50 or 100 PCR primers
in one rcaction in a way that most of the resulting scquence recads map to targeted loci is novel and
non-obvious. Onc technique that allows highly multiplexcd targeted PCR to perform in a highly
efficient manner involves designing primers that are unlikely to hybridize with one another. The
PCR probes, typically referred to as primers, are selected by creating a thermodynamic model of
potentially adverse interactions between at least 500, at least 1,000, at least 5,000, at least 10,000,
at least 20,000, at least 50,000, or at least 100,000 potential primer pairs, or unintended interactions
between primers and sample DNA, and then using the model to eliminate designs that are
incompatible with other the designs in the pool. Another technique that allows highly multiplexed
targeted PCR to perform in a highly efficient manner is using a partial or full nesting approach to
the targeted PCR. Using one or a combination of these approaches allows multiplexing of at least
300, at least 800, at least 1,200, at least 4,000 or at least 10,000 primers in a single pool with the
resulting amplified DNA comprising a majority of DNA molecules that, when sequenced, will
map to targeted loci. Using one or a combination of these approaches allows multiplexing of a
large number of primers in a single pool with the resulting amplified DNA comprising greater than
50%, greater than 80%, greater than 90%, greater than 95%, greater than 98%, or greater than 99%
DNA molecules that map to targeted loci.

In an embodiment, a method disclosed herein yields a quantitative measure of the number
of independent observations of each allele at a polymorphic locus. This is unlike most methods
such as microarrays or qualitative PCR which provide information about the ratio of two alleles
but do not quantify the number of independent observations of either allele. With methods that
provide quantitative information regarding the number of independent observations, only the ratio
is utilized in the relevant determinations, while the quantitative information by itself is not useful.

To illustrate the importance of retaining information about the number of independent observations

24



10

15

20

25

30

WO 2020/010255 PCT/US2019/040603

consider the sample locus with two alleles, A and B. In a first experiment twenty A alleles and
twenty B alleles are observed, in a second experiment 200 A alleles and 200 B alleles are observed.
In both experiments the ratio (A/(A+B)) is equal to 0.5, however the second experiment conveys
more information than the first about the certainty of the frequency of the A or B allele. Some
methods known in the prior art involve averaging or summing allele ratios (channel ratios) (i.e.
xi/yi) from individual allele and analyzes this ratio, either comparing it to a reference chromosome
or using a rule pertaining to how this ratio is expected to behave in particular situations. No allele
weighting is implied in such methods known in the art, where it is assumed that one can ensure
about the samc amount of PCR product for cach allclc and that all the allcles should behave the
samc way. Such a mecthod has a numbcr of disadvantages, and morc importantly, precludes the use
a number of improvements that are described elsewhere in this disclosure.

The use of a joint distribution model is a different from and a significant improvement over
methods that determine heterozygosity rates by treating polymorphic loci independently in that the
resultant determinations are of significantly higher accuracy. Without being bound by any
particular theory, it is believed that one reason they are of higher accuracy is that the joint
distribution model takes into account the linkage between SNPs. The purpose of using the concept
of linkage when creating the expected distribution of allele measurements for one or more
hypotheses is that it allows the creation of expected allele measurements distributions that
correspond (o reality considerably better than when linkage is not used.

One reason that it is believed that ploidy determinations that use a method that comprises
comparing the observed allele measurements to theoretical hypotheses corresponding to possible
transplant states are of higher accuracy is that when sequencing is used to measure the alleles, this
method can glean more information from data from alleles where the total number of reads is low
than other methods; for example, a method that relies on calculating and aggregating allele ratios
would produce disproportionately weighted stochastic noise. For example, imagine a case that
involved measuring the alleles using sequencing, and where there was a set of loci where only five
sequence reads were detected for each locus. In an embodiment, for each of the alleles, the data
may be compared to the hypothesized allele distribution, and weighted according to the number of
sequence reads; therefore the data from these measurements would be appropriately weighted and
incorporated into the overall determination. This is in contrast to a method that involved

quantitating a ratio of alleles at a heterozygous locus, as this method could only calculate ratios of
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0%, 20%, 40%, 60%, 80% or 100% as the possible allele ratios; none of these may be close to
expected allele ratios. In this latter case, the calculated allele rations would either have to be
discarded due to insufficient reads or else would have disproportionate weighting and introduce
stochastic noise into the determination, thereby decreasing the accuracy of the determination. In
an embodiment, the individual allele measurements may be treated as independent measurements,
where the relationship between measurements made on alleles at the same locus is no different
from the relationship between measurements made on alleles at different loci.

In an embodiment, a method disclosed herein demonstrates how observing allele
distributions at polymorphic loci can bc uscd to dctermine the statc of a transplant with grcater
accuracy than mecthods in the prior art. In an cmbodiment, thc method obscrves the quantitative
allele information obtained on the transplant donor/recipient mixture and evaluating which
hypothesis fits the data best, where the transplant state corresponding to the hypothesis with the
best fit to the data is called as the correct transplant state. In an embodiment, a method disclosed
herein also uses the degree of fit to generate a confidence that the called genetic state is the correct
transplant state. In an embodiment, a method disclosed herein involves using algorithms that
analyze the distribution of alleles found for loci that have different contexts, and comparing the
observed allele distributions to the expected allele distributions for different transplant states for
the different genotypic contexts. This is different from and an improvement over methods that do
not use methods that enable the estimation of the number of independent instances ol each allele
at each locus in a mixed sample.

In an embodiment, a method disclosed herein uses a joint distribution model that assumes
that the allele frequencies at each locus are multinomial (and thus binomial when SNPs are
biallelic) in nature. In some embodiments the joint distribution model uses beta-binomial
distributions. When using a measuring technique, such as sequencing, provides a quantitative
measure for each allele present at each locus, binomial model can be applied to each locus and the
degree underlying allele frequencies and the confidence in that frequency can be ascertained. With
methods known in the art that generate transplant status calls from allele ratios, or methods in
which quantitative allele information is discarded, the certainty in the observed ratio cannot be
ascertained. The instant method is different from and an improvement over methods that calculate
allele ratios and aggregate those ratios to make a transplant status call, since any method that

involves calculating an allele ratio at a particular locus, and then aggregating those ratios,
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necessarily assumes that the measured intensities or counts that are indicative of the amount of
DNA from any given allele or locus will be distributed in a Gaussian fashion. The method
disclosed herein does not involve calculating allele ratios. In some embodiments, a method
disclosed herein may involve incorporating the number of observations of each allele at a plurality
of loci into a model. In some embodiments, a method disclosed herein may involve calculating the
expected distributions themselves, allowing the use of a joint binomial distribution model which
may be more accurate than any model that assumes a Gaussian distribution of allele measurements.
The likelihood that the binomial distribution model is significantly more accurate than the
Gaussian distribution incrcascs as the number of loci increascs. For cxample, when fewer than 20
loci arc intcrrogated, the likelihood that the binomial distribution modecl is significantly bctter is
low. However, when more than 100, or especially more than 400, or especially more than 1,000,
or especially more than 2,000 loci are used, the binomial distribution model will have a very high
likelihood of being significantly more accurate than the Gaussian distribution model, thereby
resulting in a more accurate transplant status determination. The likelihood that the binomial
distribution model is significantly more accurate than the Gaussian distribution also increases as
the number of observations at each locus increases. For example, when fewer than 10 distinct
sequences are observed at each locus are observed, the likelihood that the binomial distribution
model is significantly better is low. However, when more than 50 sequence reads, or especially
more than 100 sequence reads, or especially more than 200 sequence reads, or especially more
than 300 sequence reads are used for each locus, the binomial distribution model will have a very
high likelihood of being significantly more accurate than the Gaussian distribution model, thereby
resulting in a more accurate ploidy determination.

In an embodiment, a method disclosed herein uses sequencing to measure the number of
instances of each allele at each locus in a DNA sample. Each sequencing read may be mapped to
a specific locus and treated as a binary sequence read; alternately, the probability of the identity of
the read and/or the mapping may be incorporated as part of the sequence read, resulting in a
probabilistic sequence read, that is, the probable whole or fractional number of sequence reads that
map to a given loci. Using the binary counts or probability of counts it is possible to use a binomial
distribution for each set of measurements, allowing a confidence interval to be calculated around
the number of counts. This ability to use the binomial distribution allows for more accurate ploidy

estimations and more precise confidence intervals to be calculated. This is different from and an
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improvement over methods that use intensities to measure the amount of an allele present, for
example methods that use microarrays, or methods that make measurements using fluorescence
readers to measure the intensity of fluorescently tagged DNA in electrophoretic bands.

In an embodiment, a method disclosed herein uses aspects of the present set of data to
determine parameters for the estimated allele frequency distribution for that set of data. This is an
improvement over methods that utilize training set of data or prior sets of data to set parameters
for the present expected allele frequency distributions, or possibly expected allele ratios. This is
because there are different sets of conditions involved in the collection and measurement of every
genctic sample, and thus a mcthod that uscs data from the instant sct of data to dctermine the
paramcters for the joint distribution model that is to be uscd in the transplant status determination
for that sample will tend to be more accurate.

In an embodiment, a method disclosed herein involves determining whether the
distribution of observed allele measurements is indicative of transplant rejection status using a
maximum likelihood technique. The use of a maximum likelihood technique is different from and
a significant improvement over methods that use single hypothesis rejection technique in that the
resultant determinations will be made with significantly higher accuracy. One reason is that single
hypothesis rejection techniques set cut off thresholds based on only one measurement distribution
rather than two, meaning that the thresholds are usually not optimal. Another reason is that the
maximum likelihood technique allows the optimization of the cut off threshold [or each individual
sample instead of determining a cut off threshold to be used for all samples regardless of the
particular characteristics of each individual sample. Another reason is that the use of a maximum
likelihood technique allows the calculation of a confidence for each transplant status call. The
ability to make a confidence calculation for each call allows a practitioner to know which calls are
accurate, and which are more likely to be wrong. In some embodiments, a wide variety of methods
may be combined with a maximum likelihood estimation technique to enhance the accuracy of the
transplant status calls. In an embodiment, the maximum likelihood technique may be used in
combination with the method described in US Patent 7,888,017. In an embodiment, the maximum
likelihood technique may be used in combination with the method of using targeted PCR
amplification to amplify the DNA in the mixed sample followed by sequencing and analysis using
a read counting method such as used by TANDEM DIAGNOSTICS, as presented at the

International Congress of Human Genetics 2011, in Montreal in October 2011. In an embodiment,
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a method disclosed herein involves estimating the donor fraction of DNA in the mixed sample and
using that estimation to calculate both the transplant status call and the confidence of the transplant
status call.

In an embodiment, a method disclosed herein takes into account the tendency for the data
to be noisy and contain errors by attaching a probability to each measurement. The use of
maximum likelihood techniques to choose the correct hypothesis from the set of hypotheses that
were made using the measurement data with attached probabilistic estimates makes it more likely
that the incorrect measurements will be discounted, and the correct measurements will be used in
thc calculations that lcad to the transplant status call. To be morc precise, this mecthod
systcmatically reduces the influcnce of data that is incorrectly mcasurcd on the transplant status
call determination. This is an improvement over methods where all data is assumed to be equally
correct or methods where outlying data is arbitrarily excluded from calculations leading to a
transplant status call. Existing methods using channel ratio measurements claim to extend the
method to multiple SNPs by averaging individual SNP channel ratios. Not weighting individual
SNPs by expected measurement variance based on the SNP quality and observed depth of read
reduces the accuracy of the resulting statistic, resulting in a reduction of the accuracy of the
transplant status call significantly, especially in borderline cases.

In an embodiment, a method disclosed herein does not presuppose the knowledge of which
SNPs or other polymorphic loci are heterozygous on the transplant. This method allows a ploidy
call to be made in cases where paternal genotypic information is not available. This is an
improvement over methods where the knowledge of which SNPs are heterozygous must be known
ahead of time in order to appropriately select loci to target, or to interpret the genetic measurements
made on the donor/recipient DNA sample.

The methods described herein are particularly advantageous when used on samples where
a small amount of DNA is available, or where the percent of donor-derived DNA is low. This is
due to the correspondingly higher allele dropout rate that occurs when only a small amount of
DNA is available and/or the correspondingly higher donor allele dropout rate when the percent of
donor DNA is low in a mixed sample of donor and transplant recipient DNA. A high allele dropout
rate, meaning that a large percentage of the alleles were not measured for the target individual,
results in poorly accurate donor fractions calculations, and poorly accurate transplant status

determinations. Since methods disclosed herein may use a joint distribution model that takes into
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account the linkage in inheritance patterns between SNPs, significantly more accurate transplant
status determinations may be made.

Further discussion of the points above may be found elsewhere in this document.

Non-Invasive Transplant Monitoring

The process of non-invasive transplant monitoring involves a number of steps. Some of
the steps may include: (1) obtaining the genetic material from the transplant; (2) enriching the
genetic material of the transplant that may be in a mixed sample, ex vivo; (3) amplifying the genetic
matcrial, ex vivo; (4) preferentially enriching specific loci in the genctic matcrial, ex vivo; (5)
measuring thc genctic material, ex vivo; and (6) analyzing the genotypic data, on a computer, and
ex vivo. Methods to reduce to practice these six and other relevant steps are described herein. At
least some of the method steps are not directly applied on the body. In an embodiment, the present
disclosure relates to methods of treatment and diagnosis applied to tissue and other biological
materials isolated and separated from the body. At least some of the method steps are executed on
a computer.

The high accuracy of the methods disclosed herein is a result of an informatics approach
to analysis of the genotype data, as described herein. Modern technological advances have resulted
in the ability to measure large amounts of genetic information from a genetic sample using such
methods as high throughput sequencing and genotyping arrays. The methods disclosed herein
allow a clinician to take greater advantage of the large amounts of data available, and make a more
accurate diagnosis of the status of a transplant in a recipient. The details of a number of
embodiments are given below. Different embodiments may involve different combinations of the
aforementioned steps. Various combinations of the different embodiments of the different steps
may be used interchangeably.

In an embodiment, a blood sample is taken from a transplant recipient, and the free floating
DNA in the plasma of the transplant recipient’s blood, which contains a mixture of both DNA of
transplant donor origin, and DNA of transplant recipient origin, is isolated and used to determine
the status of the transplant. In an embodiment, a method disclosed herein involves preferential
enrichment of those DNA sequences in a mixture of DNA that correspond to polymorphic alleles
in a way that the allele ratios and/or allele distributions remain mostly consistent upon enrichment.

In an embodiment, a method disclosed herein involves the highly efficient targeted PCR based
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amplification such that a very high percentage of the resulting molecules correspond to targeted
loci. In an embodiment, a method disclosed herein involves sequencing a mixture of DNA that
contains both DNA of donor origin, and DNA of recipient origin. In an embodiment, a method
disclosed herein involves using measured allele distributions to determine the state of a transplant
in a transplant recipient. In an embodiment, a method disclosed herein involves reporting the
determined transplant state to a clinician. In an embodiment, a method disclosed herein involves
taking a clinical action, such as altering immunosuppressive therapy in the transplant recipient.
This application makes reference to U.S. Utility Application Serial No. 15/727,428, filed
October 6, 2017 (U.S. Publication No. 20180025109); U.S. Utility Application Scrial No.
11/603,406, filed November 28, 2006 (US Publication No.: 20070184467); U.S. Utility
Application Serial No. 12/076,348, filed March 17, 2008 (US Publication No.: 20080243398);
PCT Utility Application Serial No. PCT/US09/52730, filed August 4, 2009 (PCT Publication No.:
WO/2010/017214); PCT Utility Application Serial No. PCT/US10/050824, filed September 30,
2010 (PCT Publication No.: WO/2011/041485), and U.S. Utility Application Serial No.
13/110,685, filed May 18, 2011. Some of the vocabulary used in this filing may have its
antecedents in these references. Some of the concepts described herein may be better understood

in light of the concepts found in these references.

Screening Transplant Recipient Blood Comprising Free Floating Donor DNA

In an embodiment, blood may be drawn from a transplant recipient. Research has shown
that transplant recipient blood may contain a small amount of free floating DNA from the derived
from the transplant, in addition to free floating DNA of transplant recipient origin. There are many
methods know in the art to isolate cell free DNA, or create fractions enriched in cell free DNA.
For example, chromatography has been show to create certain fractions that are enriched in cell
free DNA.

Once the sample of blood, plasma, or other fluid, drawn in a relatively non-invasive
manner, and that contains an amount of donor-derived DNA, either cellular or free floating, either
enriched in its proportion to the recipient-derived DNA, or in its original ratio, is in hand, one may
genotype the DNA found in said sample. In some embodiments, the blood may be drawn using a
needle to withdraw blood from a vein, for example, the basilica vein. The method described herein

can be used to determine genotypic data of the transplant. For example, it can be used to determine

31



10

15

20

25

30

WO 2020/010255 PCT/US2019/040603

the identity of one or a set of SNPs, including insertions, deletions, and translocations. It can be
used to determine one or more haplotypes, including the parent of origin of one or more genotypic
features.

Note that this method will work with any nucleic acids that can be used for any genotyping
and/or sequencing methods, such as the ILLUMINA INFINIUM ARRAY platform,
AFFYMETRIX GENECHIP, ILLUMINA GENOME ANALYZER, or LIFE TECHNOLGIES’
SOLID SYSTEM. This includes extracted free-floating DNA from plasma or amplifications (e.g.
whole genome amplification, PCR) of the same; genomic DNA from other cell types (e.g. human
lymphocytes from wholc blood) or amplifications of the samc. For preparation of thc DNA, any
cxtraction or purification mcthod that gencrates gecnomic DNA suitable for the onc of thesc
platforms will work as well. This method could work equally well with samples of RNA. In an
embodiment, storage of the samples may be done in a way that will minimize degradation (e.g.

below freezing, at about -20 C, or at a lower temperature).

Definitions

Single Nucleotide Polymorphism (SNP) refers to a single nucleotide that may differ between the
genomes of two members of the same species. The usage of the term should not imply any
limit on the frequency with which each variant occurs.

Sequence relers (o a DNA sequence or a genelic sequence. It may refer (o the primary, physical
structure of the DNA molecule or strand in an individual. It may refer to the sequence of
nucleotides found in that DNA molecule, or the complementary strand to the DNA
molecule. It may refer to the information contained in the DNA molecule as its
representation in silico.

Locus refers to a particular region of interest on the DNA of an individual, which may refer to a
SNP, the site of a possible insertion or deletion, or the site of some other relevant genetic
variation. Disease-linked SNPs may also refer to disease-linked loci.

Polymorphic Allele, also “Polymorphic Locus,” refers to an allele or locus where the genotype
varies between individuals within a given species. Some examples of polymorphic alleles
include single nucleotide polymorphisms, short tandem repeats, deletions, duplications,

and inversions.
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Polymorphic Site refers to the specific nucleotides found in a polymorphic region that vary
between individuals.

Allele refers to the genes that occupy a particular locus.

Genetic Data also “Genotypic Data” refers to the data describing aspects of the genome of one or
more individuals. It may refer to one or a set of loci, partial or entire sequences, partial or
entire chromosomes, or the entire genome. It may refer to the identity of one or a plurality
of nucleotides; it may refer to a set of sequential nucleotides, or nucleotides from different
locations in the genome, or a combination thereof. Genotypic data is typically in silico,
howecver, it is also possiblc to consider physical nuclcotides in a scquence as chemically
cncoded gencetic data. Genotypic Data may be said to be “on,” “of,” “at,” “from” or “on”
the individual(s). Genotypic Data may refer to output measurements from a genotyping
platform where those measurements are made on genetic material.

Genetic Material also “Genetic Sample” refers to physical matter, such as tissue or blood, from
one or more individuals comprising DNA or RNA

Noisy Genetic Data refers to genetic data with any of the following: allele dropouts, uncertain base
pair measurements, incorrect base pair measurements, missing base pair measurements,
uncertain measurements of insertions or deletions, uncertain measurements of chromosome
segment copy numbers, spurious signals, missing measurements, other errors, or
combinations thereol.

Confidence refers to the statistical likelihood that the called SNP, allele, set of alleles, ploidy call,
or determined number of chromosome segment copies correctly represents the real genetic
state of the individual.

Chromosome may refer to a single chromosome copy, meaning a single molecule of DNA of which
there are 46 in a normal somatic cell; an example is ‘the maternally derived chromosome
18°. Chromosome may also refer to a chromosome type, of which there are 23 in a normal
human somatic cell; an example is ‘chromosome 18’°.

Chromosomal Identity may refer to the referent chromosome number, i.e. the chromosome type.
Normal humans have 22 types of numbered autosomal chromosome types, and two types
of sex chromosomes. It may also refer to the parental origin of the chromosome. It may
also refer to a specific chromosome inherited from the parent. It may also refer to other

identifying features of a chromosome.
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The State of the Genetic Material or simply “Genetic State’” may refer to the identity of a set of
SNPs on the DNA, to the phased haplotypes of the genetic material, and to the sequence
of the DNA, including insertions, deletions, repeats and mutations. It may also refer to the
ploidy state of one or more chromosomes, chromosomal segments, or set of chromosomal
segments.

Allelic Data refers to a set of genotypic data concerning a set of one or more alleles. It may refer
to the phased, haplotypic data. It may refer to SNP identities, and it may refer to the
sequence data of the DNA, including insertions, deletions, repeats and mutations. It may
includc the parental origin of cach allcle.

Allelic State refers to the actual state of the gencs in a sct of one or morc alleles. It may refer to the
actual state of the genes described by the allelic data.

Allelic Ratio or allele ratio, refers to the ratio between the amount of each allele at a locus that is
present in a sample or in an individual. When the sample was measured by sequencing, the
allelic ratio may refer to the ratio of sequence reads that map to each allele at the locus.
When the sample was measured by an intensity based measurement method, the allele ratio
may refer to the ratio of the amounts of each allele present at that locus as estimated by the
measurement method.

Allele Count refers to the number of sequences that map to a particular locus, and if that locus is
polymorphigc, it refers to the number of sequences that map o each of the alleles. If each
allele is counted in a binary fashion, then the allele count will be whole number. If the
alleles are counted probabilistically, then the allele count can be a fractional number.

Allele Count Probability refers to the number of sequences that are likely to map to a particular
locus or a set of alleles at a polymorphic locus, combined with the probability of the
mapping. Note that allele counts are equivalent to allele count probabilities where the
probability of the mapping for each counted sequence is binary (zero or one). In some
embodiments, the allele count probabilities may be binary. In some embodiments, the allele
count probabilities may be set to be equal to the DNA measurements.

Allelic Distribution, or ‘allele count distribution’ refers to the relative amount of each allele that is
present for each locus in a set of loci. An allelic distribution can refer to an individual, to a
sample, or to a set of measurements made on a sample. In the context of sequencing, the

allelic distribution refers to the number or probable number of reads that map to a particular
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allele for each allele in a set of polymorphic loci. The allele measurements may be treated
probabilistically, that is, the likelihood that a given allele is present for a give sequence
read is a fraction between O and 1, or they may be treated in a binary fashion, that is, any
given read is considered to be exactly zero or one copies of a particular allele.

5  Allelic Distribution Pattern refers to a set of different allele distributions for different parental
contexts. Certain allelic distribution patterns may be indicative of certain ploidy states.

Allelic Bias refers to the degree to which the measured ratio of alleles at a heterozygous locus is
different to the ratio that was present in the original sample of DNA. The degree of allelic
bias at a particular locus is cqual to the obscrved allelic ratio at that locus, as mcasured,

10 divided by the ratio of alleles in the original DNA samplc at that locus. Allclic bias may be
defined to be greater than one, such that if the calculation of the degree of allelic bias
returns a value, x, that is less than 1, then the degree of allelic bias may be restated as 1/x.
Allelic bias maybe due to amplification bias, purification bias, or some other phenomenon
that affects different alleles differently.

15  Primer, also “PCR probe” refers to a single DNA molecule (a DNA oligomer) or a collection of
DNA molecules (DNA oligomers) where the DNA molecules are identical, or nearly so,
and where the primer contains a region that is designed to hybridize to a targeted
polymorphic locus, and m contain a priming sequence designed to allow PCR
amplification. A primer may also contain a molecular barcode. A primer may contain a

20 random region that differs for each individual molecule.

Hybrid Capture Probe refers to any nucleic acid sequence, possibly modified, that is generated by
various methods such as PCR or direct synthesis and intended to be complementary to one
strand of a specific target DNA sequence in a sample. The exogenous hybrid capture probes
may be added to a prepared sample and hybridized through a deanture-reannealing process

25 to form duplexes of exogenous-endogenous fragments. These duplexes may then be
physically separated from the sample by various means.

Sequence Read refers to data representing a sequence of nucleotide bases that were measured using
a clonal sequencing method. Clonal sequencing may produce sequence data representing
single, or clones, or clusters of one original DNA molecule. A sequence read may also have

30 associated quality score at each base position of the sequence indicating the probability

that nucleotide has been called correctly.
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Mapping a sequence read is the process of determining a sequence read’s location of origin in the
genome sequence of a particular organism. The location of origin of sequence reads is
based on similarity of nucleotide sequence of the read and the genome sequence.

Matched Copy Error, also “Matching Chromosome Aneuploidy” (MCA), refers to a state of
aneuploidy where one cell contains two identical or nearly identical chromosomes. This
type of aneuploidy may arise during the formation of the gametes in meiosis, and may be
referred to as a meiotic non-disjunction error. This type of error may arise in mitosis.
Matching trisomy may refer to the case where three copies of a given chromosome are
present in an individual and two of the copics arc identical.

Homologous Chromosomes rcfers to chromosome copics that contain the same sct of gencs that
normally pair up during meiosis.

Identical Chromosomes refers to chromosome copies that contain the same set of genes, and for
each gene they have the same set of alleles that are identical, or nearly identical.

Allele Drop Out (ADO) refers to the sitnation where at least one of the base pairs in a set of base
pairs from homologous chromosomes at a given allele is not detected.

Locus Drop Out (LDO) refers to the situation where both base pairs in a set of base pairs from
homologous chromosomes at a given allele are not detected.

Homozygous refers to having similar alleles as corresponding chromosomal loci.

Heterozygous relers (o having dissimilar alleles as corresponding chromosomal loci.

Heterozygosity Rate refers to the rate of individuals in the population having heterozygous alleles
at a given locus. The heterozygosity rate may also refer to the expected or measured ratio
of alleles, at a given locus in an individual, or a sample of DNA.

Highly Informative Single Nucleotide Polymorphism (HISNP) refers to a SNP where the transplant
has an allele that is not present in the transplant recipient’s genotype.

Chromosomal Region refers to a segment of a chromosome, or a full chromosome.

Segment of a Chromosome refers to a section of a chromosome that can range in size from one
base pair to the entire chromosome.

Chromosome refers to either a full chromosome, or a segment or section of a chromosome.

Copies refers to the number of copies of a chromosome segment. It may refer to identical copies,
or to non-identical, homologous copies of a chromosome segment wherein the different

copies of the chromosome segment contain a substantially similar set of loci, and where
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one or more of the alleles are different. Note that in some cases of aneuploidy, such as the
M2 copy error, it is possible to have some copies of the given chromosome segment that
are identical as well as some copies of the same chromosome segment that are not identical.

Haplotype refers to a combination of alleles at multiple loci that are typically inherited together on
the same chromosome. Haplotype may refer to as few as two loci or to an entire
chromosome depending on the number of recombination events that have occurred
between a given set of loci. Haplotype can also refer to a set of single nucleotide
polymorphisms (SNPs) on a single chromatid that are statistically associated.

Haplotypic Data, also “Phascd Data” or “Ordered Gencetic Data,” refers to data from a single
chromosomc in a diploid or polyploid gcnome, i.c., cither the scgregated matcrnal or
paternal copy of a chromosome in a diploid genome.

Phasing refers to the act of determining the haplotypic genetic data of an individual given
unordered, diploid (or polyploidy) genetic data. It may refer to the act of determining which
of two genes at an allele, for a set of alleles found on one chromosome, are associated with
each of the two homologous chromosomes in an individual.

Phased Data refers to genetic data where one or more haplotypes have been determined.

Hypothesis refers to a possible ploidy state at a given set of chromosomes, or a set of possible
allelic states at a given set of loci. The set of possibilities may comprise one or more
elements.

Target Individual refers to the individual whose genetic state is being determined. In some
embodiments, only a limited amount of DNA is available from the target individual. In
some embodiments, the target individual is a transplant. In some embodiments, there may
be more than one target individual. In some embodiments, each transplant that originated
from a pair of parents may be considered to be target individuals. In some embodiments,
the genetic data that is being determined is one or a set of allele calls. In some
embodiments, the genetic data that is being determined is a ploidy call.

Related Individual refers to any individual who is genetically related to, and thus shares haplotype
blocks with, the target individual. In one context, the related individual may be a genetic
parent of the target individual, or any genetic material derived from a parent, such as a
sperm, a polar body, an embryo, a transplant, or a child. It may also refer to a sibling, parent

or a grandparent.
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DNA of Donor Origin refers to DNA that was originally part of a cell whose genotype was
essentially equivalent to that of the transplant donor.

DNA of Recipient Origin refers to DNA that was originally part of a cell whose genotype was
essentially equivalent to that of the transplant recipient.

Transplant recipient plasma refers to the plasma portion of the blood from a female from a patient
who has received an allograft, e.g., an organ transplant recipient.

Clinical Decision refers to any decision to take or not take an action that has an outcome that
affects the health or survival of an individual.

Diagnostic Box rcfers to once or a combination of machines designed to perform onc or a plurality
of aspccts of the mcthods disclosed herein. In an embodiment, the diagnostic box may be
placed at a point of patient care. In an embodiment, the diagnostic box may perform
targeted amplification followed by sequencing. In an embodiment the diagnostic box may
function alone or with the help of a technician.

Informatics Based Method refers to a method that relies heavily on statistics to make sense of a
large amount of data. In the context of prenatal diagnosis, it refers to a method designed to
determine the ploidy state at one or more chromosomes or the allelic state at one or more
alleles by statistically inferring the most likely state, rather than by directly physically
measuring the state, given a large amount of genetic data, for example from a molecular
array or sequencing.

Primary Genetic Data refers to the analog intensity signals that are output by a genotyping
platform. In the context of SNP arrays, primary genetic data refers to the intensity signals
before any genotype calling has been done. In the context of sequencing, primary genetic
data refers to the analog measurements, analogous to the chromatogram, that comes off the
sequencer before the identity of any base pairs have been determined, and before the
sequence has been mapped to the genome.

Secondary Genetic Data refers to processed genetic data that are output by a genotyping platform.
In the context of a SNP array, the secondary genetic data refers to the allele calls made by
software associated with the SNP array reader, wherein the software has made a call
whether a given allele is present or not present in the sample. In the context of sequencing,
the secondary genetic data refers to the base pair identities of the sequences have been

determined, and possibly also where the sequences have been mapped to the genome.
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Preferential Enrichment of DNA that corresponds to a locus, or preferential enrichment of DNA
at a locus, refers to any method that results in the percentage of molecules of DNA in a
post-enrichment DNA mixture that correspond to the locus being higher than the
percentage of molecules of DNA in the pre-enrichment DNA mixture that correspond to
the locus. The method may involve selective amplification of DNA molecules that
correspond to a locus. The method may involve removing DNA molecules that do not
correspond to the locus. The method may involve a combination of methods. The degree
of enrichment is defined as the percentage of molecules of DNA in the post-enrichment
mixture that corrcspond to the locus divided by the percentage of molecules of DNA in the
pre-enrichment mixture that correspond to the locus. Preferential enrichment may be
carried out at a plurality of loci. In some embodiments of the present disclosure, the degree
of enrichment is greater than 20. In some embodiments of the present disclosure, the
degree of enrichment is greater than 200. In some embodiments of the present disclosure,
the degree of enrichment is greater than 2,000. When preferential enrichment is carried out
at a plurality of loci, the degree of enrichment may refer to the average degree of
enrichment of all of the loci in the set of loci.

Amplification refers to a method that increases the number of copies of a molecule of DNA.

Selective Amplification may refer to a method that increases the number of copies of a particular
molecule of DNA, or molecules of DNA that correspond (o a particular region of DNA. It
may also refer to a method that increases the number of copies of a particular targeted
molecule of DNA, or targeted region of DNA more than it increases non-targeted
molecules or regions of DNA. Selective amplification may be a method of preferential
enrichment.

Universal Priming Sequence refers to a DNA sequence that may be appended to a population of
target DNA molecules, for example by ligation, PCR, or ligation mediated PCR. Once
added to the population of target molecules, primers specific to the universal priming
sequences can be used to amplify the target population using a single pair of amplification
primers. Universal priming sequences are typically not related to the target sequences.

Universal Adapters, or ‘ligation adaptors’ or ‘library tags’ are DNA molecules containing a
universal priming sequence that can be covalently linked to the 5-prime and 3-prime end

of a population of target double stranded DNA molecules. The addition of the adapters
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provides universal priming sequences to the 5-prime and 3-prime end of the target
population from which PCR amplification can take place, amplifying all molecules from
the target population, using a single pair of amplification primers.

Targeting refers to a method used to selectively amplify or otherwise preferentially enrich those
molecules of DNA that correspond to a set of loci, in a mixture of DNA.

Joint Distribution Model refers to a model that defines the probability of events defined in terms
of multiple random variables, given a plurality of random variables defined on the same
probability space, where the probabilities of the variable are linked. In some embodiments,
the degencrate casc where the probabilitics of the variables arc not linked may be uscd.

Limit of Blank (LoB) is the highcst apparent analyte concentration cxpected to be found when
replicates of a blank sample containing no analyte are tested. For example, as used herein,
LoB may be defined as the empirical 95th percentile value measured from a set of blank
(no-analyte) samples. Accordingly, in an embodiment of the present disclosure, the
sensitivity of the method of determining transplant status may be determined by a limit of
blank (LoB). The desired LoB may be equal to or less than 5%; it may be equal to or less
than 2%; it may be equal to or less than 1%; it may be equal to or less than 0.5%; it may
be equal to or less than 0.25%; it may equal to or less than 0.23 %; it may be equal to or
less than 0.11%:; it may be equal to or less than 0.08%; it may be equal to or less than
0.04%.

Limits of Detection (LoD) is the lowest analyte concentration likely to be reliably distinguished
from the LoB and at which detection is feasible. LoD is determined by utilizing both the
measured LoB and test replicates of a sample known to contain a low concentration of
analyte. For example, LoD may be calculated following the parametric estimate method
specified in EP-17A2, which computes LoD by adding a standard deviation term to the
LoB. Accordingly, in an embodiment of the present disclosure, the sensitivity of the
method of determining transplant status may be determined by a LoD less than 1%:; it may
be less than 0.5%:; it may be less than 0.25%; it may equal to or less than 0.23 %; it may
be equal to or less than 0.11%:; it may be equal to or less than 0.08%:; it may be equal to or

less than 0.04%.
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Limits of Quantification (LoQ) is the lowest concentration at which the analyte can not only be
reliably detected but at which some predefined goals of bias and imprecision are met. LoQ may be
equivalent to LoD or it could be at a higher concentration.
Hypotheses

In the context of this disclosure, a hypothesis refers to a possible transplant status. In some
embodiments, a set of hypotheses may be designed such that one hypothesis from the set will
correspond to the actual transplant status of any given individual. In some embodiments, a set of
hypotheses may be designed such that every possible transplant status may be described by at least
onc hypothesis from the sct. In some embodiments of the present disclosure, onc aspect of a
method is to dcterminc which hypothesis corrcsponds to the actual transplant status of the
individual in question.

In another embodiment of the present disclosure, one step involves creating a hypothesis.
Creating a hypothesis may refer to the act of setting the limits of the variables such that the entire

set of possible transplant statuses that are under consideration are encompassed by those variables.

Genotypic contexts

The genotypic context refers to the genetic state of a given allele, on each of the two
relevant chromosomes for one or both of the two sources of the target. The genotypic context for
a given SNP may consist of [our base pairs; they may be the same or different from one another.
It is typically written as “mimolfif>”” where mi and mo are the genetic state of the given SNP on
the two donor chromosomes, and {1 and f> are the genetic state of the given SNP on the two
recipient chromosomes. In some embodiments, the genotypic context may be written as
“fif2lmim2” Note that subscripts “1” and “2’" refer to the genotype, at the given allele, of the first
and second chromosome; also note that the choice of which chromosome is labeled “1”” and which
is labeled “2’" is arbitrary.

Note that in this disclosure, A and B are often used to generically represent base pair
identities; A or B could equally well represent C (cytosine), G (guanine), A (adenine) or T
(thymine). For example, if, at a given SNP based allele, the transplant recipient’s genotype was T
at that SNP on one chromosome, and G at that SNP on the homologous chromosome, and the
transplant donor’s genotype at that allele is G at that SNP on both of the homologous

chromosomes, one may say that the target individual’s allele has the genotypic context of ABIBB;
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it could also be said that the allele has the genotypic context of ABIAA. Note that, in theory, any
of the four possible nucleotides could occur at a given allele, and thus it is possible, for example,
for the transplant recipient to have a genotype of AT, and the transplant donor to have a genotype
of GC at a given allele. However, empirical data indicate that in most cases only two of the four
possible base pairs are observed at a given allele. It is possible, for example when using single
tandem repeats, to have more than two parental, more than four and even more than ten contexts.
In this disclosure the discussion assumes that only two possible base pairs will be observed at a
given allele, although the embodiments disclosed herein could be modified to take into account
the cascs where this assumption docs not hold.

A “genotypic context” may rcfer to a sct or subsct of target SNPs that have the samc
genotypic context. For example, if one were to measure 1000 alleles on a given chromosome on a
target individual, then the context AAIBB could refer to the set of all alleles in the group of 1,000
alleles where the genotype of the transplant recipient of the target was homozygous, and the
genotype of the transplant donor of the target is homozygous, but where the recipient genotype
and the donor genotype are dissimilar at that locus. If the data is not phased, and thus AB = BA,
then there are nine possible genotypic contexts: AAIAA, AAIAB, AAIBB, ABIAA, ABIAB,
ABIBB, BBIAA, BBIAB, and BBIBB. If the data is phased, and thus AB # BA, then there are
sixteen different possible genotypic contexts: AAIAA, AAIAB, AAIBA, AAIBB, ABIAA, ABIAB,
ABIBA, ABIBB, BAIAA, BAIAB, BAIBA, BAIBB, BBIAA, BBIAB, BBIBA, and BBIBB. Every
SNP allele on a chromosome, excluding some SNPs on the sex chromosomes, has one of these
genotypic contexts. The set of SNPs wherein the genotypic context for one parent is heterozygous

may be referred to as the heterozygous context.

Use of Genotypic Contexts in Non-Invasive Determination of Transplant State

Non-invasive determination of transplant state is an important technique that can be used
to determine the genetic state of a transplant from genetic material that is obtained in a non-
invasive manner, for example from a blood draw on the transplant recipient. The blood could be
separated and the plasma isolated, followed by isolation of the plasma DNA. Size selection could
be used to isolate the DNA of the appropriate length. The DNA may be preferentially enriched at

a set of loci. This DNA can then be measured by a number of means, such as by hybridizing to a
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genotyping array and measuring the fluorescence, or by sequencing on a high throughput
sequencer.

When considering which alleles to target, one may consider the likelihood that some
parental contexts are likely to be more informative than others. For example, AAIBB and the
symmetric context BBIAA are the most informative contexts, because the transplant is known to
carry an allele that is different from the transplant recipient. For reasons of symmetry, both AAIBB
and BBIAA contexts may be referred to as AAIBB. Another set of informative genotypic contexts
are AAIAB and BBIAB, because in these cases the transplant has a 50% chance of carrying an
allclc that the transplant recipicnt docs not have. For rcasons of symmctry, both AAIAB and
BBIAB contexts may be referred to as AAIAB. A third sct of informative parcental contexts arc
ABIAA and ABIBB, because in these cases the transplant is carrying a known donor allele, and
that allele is also present in the recipient genome. For reasons of symmetry, both ABIAA and
ABIBB contexts may be referred to as ABIAA. A fourth context is ABIAB where the transplant
has an unknown allelic state, and whatever the allelic state, it is one in which the transplant
recipient has the same alleles. The fifth context is AAIAA, where the transplant recipient and

transplant donor are heterozygous.

Different Implementations of the Presently Disclosed Embodiments

In some embodiments the source of the genetic malterial to be used in determining the
genetic state of the transplant may be transplanted donor-derived cells. The method may involve
obtaining a blood sample from the transplant recipient.

In an embodiment of the present disclosure, the target individual is a transplant, and the
different genotype measurements are made on a plurality of DNA samples from the transplant. In
some embodiments of the present disclosure, the donor-derived DNA samples are from isolated
transplanted cells where the donor-derived cells may be mixed with recipient cells. In some
embodiments of the present disclosure, the donor-derived DNA samples are from free floating
donor-derived DNA, where the donor DNA may be mixed with free floating recipient DNA.

In some embodiments, the genetic sample may be prepared and/or purified. There are a
number of standard procedures known in the art to accomplish such an end. In some embodiments,
the sample may be centrifuged to separate various layers. In some embodiments, the DNA may be

isolated using filtration. In some embodiments, the preparation of the DNA may involve
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amplification, separation, purification by chromatography, liquid liquid separation, isolation,
preferential enrichment, preferential amplification, targeted amplification, or any of a number of
other techniques either known in the art or described herein.

In some embodiments, a method of the present disclosure may involve amplifying DNA.
Amplification of the DNA, a process which transforms a small amount of genetic material to a
larger amount of genetic material that comprises a similar set of genetic data, can be done by a
wide variety of methods, including, but not limited to polymerase chain reaction (PCR). One
method of amplifying DNA is whole genome amplification (WGA). There are a number of
methods available for WGA: ligation-mcdiated PCR (LM-PCR), degencrate oligonucleotide
primcr PCR (DOP-PCR), and multiple displaccment amplification (MDA). In LM-PCR, short
DNA sequences called adapters are ligated to blunt ends of DNA. These adapters contain universal
amplification sequences, which are used to amplify the DNA by PCR. In DOP-PCR, random
primers that also contain universal amplification sequences are used in a first round of annealing
and PCR. Then, a second round of PCR is used to amplify the sequences further with the universal
primer sequences. MDA uses the phi-29 polymerase, which is a highly processive and non-
specific enzyme that replicates DNA and has been used for single-cell analysis. The major
limitations to amplification of material from a single cell are (1) necessity of using extremely dilute
DNA concentrations or extremely small volume of reaction mixture, and (2) difficulty of reliably
dissocialing DNA (rom proteins across the whole genome. Regardless, single-cell whole genome
amplification has been used successfully for a variety of applications for a number of years. There
are other methods of amplifying DNA from a sample of DNA. The DNA amplification transforms
the initial sample of DNA into a sample of DNA that is similar in the set of sequences, but of much
greater quantity. In some cases, amplification may not be required.

In some embodiments, DNA may be amplified using a universal amplification, such as
WGA or MDA. In some embodiments, DNA may be amplified by targeted amplification, for
example using targeted PCR, or circularizing probes. In some embodiments, the DNA may be
preferentially enriched using a targeted amplification method, or a method that results in the full
or partial separation of desired from undesired DNA, such as capture by hybridization approaches.
In some embodiments, DNA may be amplified by using a combination of a universal amplification
method and a preferential enrichment method. A fuller description of some of these methods can

be found elsewhere in this document.
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The genetic data of the target individual and/or of the related individual can be transformed
from a molecular state to an electronic state by measuring the appropriate genetic material using
tools and or techniques taken from a group including, but not limited to: genotyping microarrays,
and high throughput sequencing. Some high throughput sequencing methods include Sanger DNA
sequencing, pyrosequencing, the ILLUMINA SOLEXA platform, ILLUMINA’s GENOME
ANALYZER, or APPLIED BIOSYSTEM’s 454 sequencing platform, HELICOS’s TRUE
SINGLE MOLECULE SEQUENCING platform, HALCYON MOLECULAR’s electron
microscope sequencing method, or any other sequencing method. All of these methods physically
transform the genctic data storcd in a sample of DNA into a sct of genctic data that is typically
storcd in a memory device cn route to being processed.

A relevant individual’s genetic data may be measured by analyzing substances taken from
a group including, but not limited to: the individual’s bulk diploid tissue, one or more diploid cells
from the individual, one or more haploid cells from the individual, one or more blastomeres from
the target individual, extra-cellular genetic material found on the individual, extra-cellular genetic
material from the individual found in maternal blood, cells from the individual found in maternal
blood, one or more embryos created from (a) gamete(s) from the related individual, one or more
blastomeres taken from such an embryo, extra-cellular genetic material found on the related
individual, genetic material known to have originated from the related individual, and
combinations thereol.

In some embodiments, the knowledge of the determined transplant status may be used to
make a clinical decision. This knowledge, typically stored as a physical arrangement of matter in
a memory device, may then be transformed into a report. The report may then be acted upon. For
example, the clinical decision may be to adjust immunosuppressive medication intake by a
transplant recipient.

In an embodiment of the present disclosure, any of the methods described herein may be
modified to allow for multiple targets to come from same target individual, for example, multiple
blood draws from the same transplant recipient. This may improve the accuracy of the model, as
multiple genetic measurements may provide more data with which the target genotype may be
determined. In an embodiment, one set of target genetic data served as the primary data which was

reported, and the other served as data to double-check the primary target genetic data. In an
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embodiment, a plurality of sets of genetic data, each measured from genetic material taken from
the target individual, are considered in parallel.

In an embodiment, the raw genetic material of the transplant recipient and the transplant
donor is transformed by way of amplification to an amount of DNA that is similar in sequence,
but larger in quantity. Then, by way of a genotyping method, the genotypic data that is encoded
by nucleic acids is transformed into genetic measurements that may be stored physically and/or
electronically on a memory device, such as those described above. Then, through the execution of
the computer program on the computer hardware, instead of being physically encoded bits and
bytcs, arranged in a pattcrn that represents raw mcasurcment data, they become transformed into
a pattern that represents a high confidence determination of the transplant status of the recipient.
The details of this transformation will rely on the data itself and the computer language and
hardware system used to execute the method described herein. Then, the data that is physically
configured to represent a high quality transplant status determination of the recipient is
transformed into a report which may be sent to a health care practitioner. This transformation may
be carried out using a printer or a computer display. The report may be a printed copy, on paper or
other suitable medium, or else it may be electronic. In the case of an electronic report, it may be
transmitted, it may be physically stored on a memory device at a location on the computer
accessible by the health care practitioner; it also may be displayed on a screen so that it may be
read. In the case of a screen display, the data may be transformed (o a readable [ormal by causing
the physical transformation of pixels on the display device. The transformation may be
accomplished by way of physically firing electrons at a phosphorescent screen, by way of altering
an electric charge that physically changes the transparency of a specific set of pixels on a screen
that may lie in front of a substrate that emits or absorbs photons. This transformation may be
accomplished by way of changing the nanoscale orientation of the molecules in a liquid crystal,
for example, from nematic to cholesteric or smectic phase, at a specific set of pixels. This
transformation may be accomplished by way of an electric current causing photons to be emitted
from a specific set of pixels made from a plurality of light emitting diodes arranged in a meaningful
pattern. This transformation may be accomplished by any other way used to display information,
such as a computer screen, or some other output device or way of transmitting information. The

health care practitioner may then act on the report, such that the data in the report is transformed
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into an action. The action may be to continue or discontinue immunosuppressive medication. In
some embodiments, the action may be to increase or decrease immunosuppressive medication.

In some embodiments, the methods described herein can be used at a very early period of
time following transplantation surgery, for example as early as the day of surgery, one day after
surgery, two days after surgery, three days after surgery, four days after surgery, five days after
surgery, six days after surgery, a week after surgery, two weeks after surgery, three weeks after
surgery, four weeks after surgery, one month after surgery, two months after surgery, three months
after surgery, four months after surgery, five months after surgery, six months after surgery, seven
months after surgery, cight months after surgery, ninc months after surgery, ten months after
surgery, cleven months after surgery, or a ycar or morc after surgery.

Any of the embodiments disclosed herein may be implemented in digital electronic
circuitry, integrated circuitry, specially designed ASICs (application-specific integrated circuits),
computer hardware, firmware, software, or in combinations thercof. Apparatus of the presently
disclosed embodiments can be implemented in a computer program product tangibly embodied in
a machine-readable storage device for execution by a programmable processor; and method steps
of the presently disclosed embodiments can be performed by a programmable processor executing
a program of instructions to perform functions of the presently disclosed embodiments by
operating on input data and generating output. The presently disclosed embodiments can be
implemented advantageously in one or more computer programs that are executable and/or
interpretable on a programmable system including at least one programmable processor, which
may be special or general purpose, coupled to receive data and instructions from, and to transmit
data and instructions to, a storage system, at least one input device, and at least one output device.
Each computer program can be implemented in a high-level procedural or object-oriented
programming language or in assembly or machine language if desired; and in any case, the
language can be a compiled or interpreted language. A computer program may be deployed in any
form, including as a stand-alone program, or as a module, component, subroutine, or other unit
suitable for use in a computing environment. A computer program may be deployed to be executed
or interpreted on one computer or on multiple computers at one site, or distributed across multiple
sites and interconnected by a communication network.

Computer readable storage media, as used herein, refers to physical or tangible storage (as

opposed to signals) and includes without limitation volatile and non-volatile, removable and non-
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removable media implemented in any method or technology for the tangible storage of information
such as computer-readable instructions, data structures, program modules or other data.
Computer readable storage media includes, but is not limited to, RAM, ROM, EPROM, EEPROM,
flash memory or other solid state memory technology, CD-ROM, DVD, or other optical storage,
magnetic cassettes, magnetic tape, magnetic disk storage or other magnetic storage devices, or any
other physical or material medium which can be used to tangibly store the desired information or
data or instructions and which can be accessed by a computer or processor.

Any of the methods described herein may include the output of data in a physical format,
such as on a computer screen, or on a paper printout. In explanations of any cmbodiments
clsewhere in this document, it should be understood that the described methods may be combined
with the output of the actionable data in a format that can be acted upon by a physician. In addition,
the described methods may be combined with the actual execution of a clinical decision that results
in a clinical treatment, or the execution of a clinical decision to make no action. Some of the
embodiments described in the document for determining genetic data pertaining to a target
individual may be combined with a clinical decision or action. Some of the embodiments described
in the document for determining genetic data pertaining to a target individual may be combined
with the notification of a potential transplant rejection, or lack thereof, with a medical professional.
Some of the embodiments described herein may be combined with the output of the actionable
data, and the execution of a clinical decision that results in a clinical treatment, or the execution of

a clinical decision to make no action.

Targeted Enrichment and Sequencing

The use of a technique to enrich a sample of DNA at a set of target loci followed by
sequencing as part of a method for non-invasive determination of transplant status in a transplant
recipient may confer a number of unexpected advantages. In some embodiments of the present
disclosure, the method involves measuring genetic data for use with an informatics based method..
The ultimate outcome of some of the embodiments is the actionable data of the status of a
transplant. There are many methods that may be used to measure the genetic data of the individual
and/or the related individuals as part of embodied methods. In an embodiment, a method for
enriching the concentration of a set of targeted alleles is disclosed herein, the method comprising

one or more of the following steps: targeted amplification of genetic material, addition of loci
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specific oligonucleotide probes, ligation of specified DNA strands, isolation of sets of desired
DNA, removal of unwanted components of a reaction, detection of certain sequences of DNA by
hybridization, and detection of the sequence of one or a plurality of strands of DNA by DNA
sequencing methods. In some cases the DNA strands may refer to target genetic material, in some
cases they may refer to primers, in some cases they may refer to synthesized sequences, or
combinations thereof. These steps may be carried out in a number of different orders. Given the
highly variable nature of molecular biology, it is generally not obvious which methods, and which
combinations of steps, will perform poorly, well, or best in various situations.

For example, a universal amplification step of the DNA prior to targeted amplification may
confer scveral advantages, such as removing the risk of bottlenccking and reducing allelic bias.
The DNA may be mixed an oligonucleotide probe that can hybridize with two neighboring regions
of the target sequence, one on either side. After hybridization, the ends of the probe may be
connected by adding a polymerase, a means for ligation, and any necessary reagents to allow the
circularization of the probe. After circularization, an exonuclease may be added to digest to non-
circularized genetic material, followed by detection of the circularized probe. The DNA may be
mixed with PCR primers that can hybridize with two neighboring regions of the target sequence,
one on either side. After hybridization, the ends of the probe may be connected by adding a
polymerase, a means for ligation, and any necessary reagents to complete PCR amplification.
Amplified or unamplified DNA may be targeted by hybrid capture probes that target a set ol loci;
after hybridization, the probe may be localized and separated from the mixture to provide a mixture
of DNA that is enriched in target sequences.

In some embodiments the detection of the target genetic material may be done in a
multiplexed fashion. The number of genetic target sequences that may be run in parallel can range
from one to ten, ten to one hundred, one hundred to one thousand, one thousand to ten thousand,
ten thousand to one hundred thousand, one hundred thousand to one million, or one million to ten
million. Note that the prior art includes disclosures of successful multiplexed PCR reactions
involving pools of up to about 50 or 100 primers, and not more. Prior attempts to multiplex more
than 100 primers per pool have resulted in significant problems with unwanted side reactions such
as primer-dimer formation.

In some embodiments, this method may be used to genotype a single cell, a small number

of cells, two to five cells, six to ten cells, ten to twenty cells, twenty to fifty cell, fifty to one
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hundred cells, one hundred to one thousand cells, or a small amount of extracellular DNA, for
example from one to ten picograms, from ten to one hundred pictograms, from one hundred
pictograms to one nanogram, from one to ten nanograms, from ten to one hundred nanograms, or
from one hundred nanograms to one microgram.

The use of a method to target certain loci followed by sequencing as part of a method for
transplant state calling may confer a number of unexpected advantages. Some methods by which
DNA may be targeted, or preferentially enriched, include using circularizing probes, linked
inverted probes (LIPs, MIPs), capture by hybridization methods such as SURESELECT, and
targeted PCR or ligation-mediated PCR amplification stratcgics.

There arc many mcthods that may be used to mcasurc the genctic data of the individual
and/or the related individuals in the aforementioned contexts. The different methods comprise a
number of steps, those steps often involving amplification of genetic material, addition of
olgionucleotide probes, ligation of specified DNA strands, isolation of sets of desired DNA,
removal of unwanted components of a reaction, detection of certain sequences of DNA by
hybridization, detection of the sequence of one or a plurality of strands of DNA by DNA
sequencing methods. In some cases the DNA strands may refer to target genetic material, in some
cases they may refer to primers, in some cases they may refer to synthesized sequences, or
combinations thereof. These steps may be carried out in a number of different orders. Given the
highly variable nature of molecular biology, it is generally not obvious which methods, and which
combinations of steps, will perform poorly, well, or best in various situations.

Note that in theory it is possible to target any number loci in the genome, anywhere from
one loci to well over one million loci. If a sample of DNA is subjected to targeting, and then
sequenced, the percentage of the alleles that are read by the sequencer will be enriched with respect
to their natural abundance in the sample. The degree of enrichment can be anywhere from one
percent (or even less) to ten-fold, a hundred-fold, a thousand-fold or even many million-fold. In
the human genome there are roughly 3 billion base pairs, and nucleotides, comprising
approximately 75 million polymorphic loci. The more loci that are targeted, the smaller the degree
of enrichment is possible. The fewer the number of loci that are targeted, the greater degree of
enrichment is possible, and the greater depth of read may be achieved at those loci for a given

number of sequence reads.
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In an embodiment of the present disclosure, the targeting or preferential may focus entirely
on SNPs. In an embodiment, the targeting or preferential may focus on any polymorphic site. A
number of commercial targeting products are available to enrich exons. Surprisingly, targeting
exclusively SNPs, or exclusively polymorphic loci, is particularly advantageous. Those types of
methodology that do not focus on polymorphic alleles would not benefit as much from targeting
or preferential enrichment of a set of alleles.

In an embodiment of the present disclosure, it is possible to use a targeting method that
focuses on SNPs to enrich a genetic sample in polymorphic regions of the genome. In an
cmbodiment, it is possible to focus on a small number of SNPs, for cxample between 1 and 100
SNPs, or a larger number, for cxample, between 100 and 1,000, between 1,000 and 10,000,
between 10,000 and 100,000 or more than 100,000 SNPs. In an embodiment, it is possible to focus
on one or a small number of chromosomes that are correlated with live trisomic births, for example
chromosomes 13, 18, 21, X and Y, or some combination thereof. In an embodiment, it is possible
to enrich the targeted SNPs by a small factor, for example between 1.01 fold and 100 fold, or by a
larger factor, for example between 100 fold and 1,000,000 fold, or even by more than 1,000,000
fold. In an embodiment of the present disclosure, it is possible to use a targeting method to create
a sample of DNA that is preferentially enriched in polymorphic regions of the genome. In an
embodiment, it is possible to use this method to create a mixture of DNA with any of these
characteristics where the mixture of DNA contains transplant recipient DNA and also [ree [loating
donor-derive DNA. In an embodiment, it is possible to use this method to create a mixture of DNA
that has any combination of these factors. Any of the targeting methods described herein can be
used to create mixtures of DNA that are preferentially enriched in certain loci.

In some embodiments, a method of the present disclosure further includes measuring the
DNA in the mixed fraction using a high throughput DNA sequencer, where the DNA in the mixed
fraction contains a disproportionate number of sequences from one or more chromosomes.

Described herein are three methods: multiplex PCR, targeted capture by hybridization, and
linked inverted probes (LIPs), which may be used to obtain and analyze measurements from a
sufficient number of polymorphic loci from a transplant recipient plasma sample in order to detect
transplant rejection; this is not meant to exclude other methods of selective enrichment of targeted
loci. Other methods may equally well be used without changing the essence of the method. In each

case the polymorphism assayed may include single nucleotide polymorphisms (SNPs), small
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indels, or STRs. A preferred method involves the use of SNPs. Each approach produces allele
frequency data; allele frequency data for each targeted locus and/or the joint allele frequency
distributions from these loci may be analyzed to determine the rejection and/or injury status of the
transplant. Each approach has its own considerations due to the limited source material and the
fact that transplant recipient plasma consists of mixture of recipient and donor-derived DNA. This
method may be combined with other approaches to provide a more accurate determination. In an
embodiment, this method may be combined with a sequence counting approach such as that

described in US Patent 7,888,017.

Accurately Measuring the Allelic Distributions in a Sample

Current sequencing approaches can be used to estimate the distribution of alleles in a
sample. One such method involves randomly sampling sequences from a pool DNA, termed
shotgun sequencing. The proportion of a particular allele in the sequencing data is typically very
low and can be determined by simple statistics. The human genome contains approximately 3
billion base pairs. So, if the sequencing method used make 100 bp reads, a particular allele will be
measured about once in every 30 million sequence reads.

In an embodiment, a method of the present disclosure is used to determine the presence or
absence of two or more different haplotypes that contain the same set of loci in a sample of DNA
[rom the measured allele distributions of loci [rom that chromosome. Alleles that are polymorphic
between the haplotypes tend to be more informative, however any alleles where the transplant
recipient and transplant donor are not both homozygous for the same allele will yield useful
information through measured allele distributions beyond the information that is available from
simple read count analysis.

Shotgun sequencing of such a sample, however, is extremely inefficient as it results in
many sequences for regions that are not polymorphic between the different haplotypes in the
sample, or are for chromosomes that are not of interest, and therefore reveal no information about
the proportion of the target haplotypes. Described herein are methods that specifically target and/or
preferentially enrich segments of DNA in the sample that are more likely to be polymorphic in the
genome to increase the yield of allelic information obtained by sequencing. Note that for the
measured allele distributions in an enriched sample to be truly representative of the actual amounts

present in the target individual, it is critical that there is little or no preferential enrichment of one
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allele as compared to the other allele at a given loci in the targeted segments. Current methods
known in the art to target polymorphic alleles are designed to ensure that at least some of any
alleles present are detected. However, these methods were not designed for the purpose of
measuring the unbiased allelic distributions of polymorphic alleles present in the original mixture.
It is non-obvious that any particular method of target enrichment would be able to produce an
enriched sample wherein the measured allele distributions would accurately represent the allele
distributions present in the original unamplified sample better than any other method. While many
enrichment methods may be expected, in theory, to accomplish such an aim, an ordinary person
skilled in the art is well awarce that there is a great deal of stochastic or deterministic bias in current
amplification, targcting and other preferential enrichment methods. One ecmbodiment of a method
described herein allows a plurality of alleles found in a mixture of DNA that correspond to a given
locus in the genome to be amplified, or preferentially enriched in a way that the degree of
enrichment of each of the alleles is nearly the same. Another way to say this is that the method
allows the relative quantity of the alleles present in the mixture as a whole to be increased, while
the ratio between the alleles that correspond to each locus remains essentially the same as they
were in the original mixture of DNA. Methods in the prior art preferential enrichment of loci can
result in allelic biases of more than 1%, more than 2%, more than 5% and even more than 10%.
This preferential enrichment may be due to capture bias when using a capture by hybridization
approach, or amplification bias which may be small [or each cycle, but can become large when
compounded over 20, 30 or 40 cycles. For the purposes of this disclosure, for the ratio to remain
essentially the same means that the ratio of the alleles in the original mixture divided by the ratio
of the alleles in the resulting mixture is between 0.95 and 1.05, between 0.98 and 1.02, between
0.99 and 1.01, between 0.995 and 1.005, between 0.998 and 1.002, between 0.999 and 1.001, or
between 0.9999 and 1.0001. Note that the calculation of the allele ratios presented here may not
be used in the determination of the transplant status of the transplant recipient, and may only be a
metric to be used to measure allelic bias.

In an embodiment, once a mixture has been preferentially enriched at the set of target loci,
it may be sequenced using any one of the previous, current, or next generation of sequencing
instruments that sequences a clonal sample (a sample generated from a single molecule; examples
include ILLUMINA GAIlx, ILLUMINA Hi1SEQ, LIFE TECHNOLOGIES SOLiD, 5500XL). The

ratios can be evaluated by sequencing through the specific alleles within the targeted region. These

53



10

15

20

25

30

WO 2020/010255 PCT/US2019/040603

sequencing reads can be analyzed and counted according the allele type and the rations of different
alleles determined accordingly. For variations that are one to a few bases in length, detection of
the alleles will be performed by sequencing and it is essential that the sequencing read span the
allele in question in order to evaluate the allelic composition of that captured molecule. The total
number of captured molecules assayed for the genotype can be increased by increasing the length
of the sequencing read. Full sequencing of all molecules would guarantee collection of the
maximum amount of data available in the enriched pool. However, sequencing is currently
expensive, and a method that can measure allele distributions using a lower number of sequence
rcads will have great valuc. In addition, there arc technical limitations to the maximum possible
Iength of rcad as wcll as accuracy limitations as rcad lengths increasc. The alleles of greatest utility
will be of one to a few bases in length, but theoretically any allele shorter than the length of the
sequencing read can be used. While allele variations come in all types, the examples provided
herein focus on SNPs or variants contained of just a few neighboring base pairs. Larger variants
such as segmental copy number variants can be detected by aggregations of these smaller
variations in many cases as whole collections of SNP internal to the segment are duplicated.
Variants larger than a few bases, such as STRs require special consideration and some targeting
approaches work while others will not.

There are multiple targeting approaches that can be used to specifically isolate and enrich
a one or a plurality of variant positions in the genome. Typically, these rely on taking advantage
of the invariant sequence flanking the variant sequence. There is prior art related to targeting in
the context of sequencing where the substrate is maternal plasma (see, e.g., Liao et al., Clin. Chem.
2011; 57(1): pp. 92-101). However, the approaches in the prior art all use targeting probes that
target exons, and do not focus on targeting polymorphic regions of the genome. In an embodiment,
a method of the present disclosure involves using targeting probes that focus exclusively or almost
exclusively on polymorphic regions. In an embodiment, a method of the present disclosure
involves using targeting probes that focus exclusively or almost exclusively on SNPs. In some
embodiments of the present disclosure, the targeted polymorphic sites consist of at least 10%
SNPs, at least 20% SNPs, at least 30% SNPs, at least 40% SNPs, at least 50% SNPs, at least 60%
SNPs, at least 70% SNPs, at least 80% SNPs, at least 90% SNPs, at least 95% SNPs, at least 98%
SNPs, at least 99% SNPs, at least 99.9% SNPs, or exclusively SNPs.

In an embodiment, a method of the present disclosure can be used to determine genotypes
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(base composition of the DNA at specific loci) and relative proportions of those genotypes from a
mixture of DNA molecules, where those DNA molecules may have originated from one or a
number of genetically distinct individuals. In an embodiment, a method of the present disclosure
can be used to determine the genotypes at a set of polymorphic loci, and the relative ratios of the
amount of different alleles present at those loci. In an embodiment the polymorphic loci may
consist entirely of SNPs. In an embodiment, the polymorphic loci can comprise SNPs, single
tandem repeats, and other polymorphisms. In an embodiment, a method of the present disclosure
can be used to determine the relative distributions of alleles at a set of polymorphic loci in a mixture
of DNA, wherc the mixturc of DNA compriscs DNA that originatcs from a transplant rccipicnt,
and DNA that originates from a transplant. In an cmbodiment, the joint allcle distributions can be
determined on a mixture of DNA isolated from blood from a transplant recipient. In an
embodiment, the allele distributions at a set of loci can be used to determine the transplant rejection
and/or injury status of a transplant.

In an embodiment, the mixture of DNA molecules could be derived from DNA extracted
from multiple cells of one individual. In an embodiment, the original collection of cells from which
the DNA is derived may comprise a mixture of diploid or haploid cells of the same or of different
genotypes, if that individual is mosaic (germline or somatic). In an embodiment, the mixture of
DNA molecules could also be derived from DNA extracted from single cells. In an embodiment,
the mixture of DNA molecules could also be derived [rom DNA extracted [rom mixture of two or
more cells of the same individual, or of different individuals. In an embodiment, the mixture of
DNA molecules could be derived from DNA isolated from biological material that has already
liberated from cells such as blood plasma, which is known to contain cell free DNA. In an
embodiment, the this biological material may be a mixture of DNA from one or more individuals,
as is the case during pregnancy where it has been shown that fetal DNA is present in the mixture.
In an embodiment, the biological material could be from a mixture of cells that were found in

transplant recipient blood, where some of the cells originate from the transplant.

Circularizing Probes
Some embodiments of the present disclosure involve the use of “Linked Inverted Probes”
(LIPs), which have been previously described in the literature. LIPs is a generic term meant to

encompass technologies that involve the creation of a circular molecule of DNA, where the probes
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are designed to hybridize to targeted region of DNA on either side of a targeted allele, such that
addition of appropriate polymerases and/or ligases, and the appropriate conditions, buffers and
other reagents, will complete the complementary, inverted region of DNA across the targeted allele
to create a circular loop of DNA that captures the information found in the targeted allele. LIPs
may also be called pre-circularized probes, pre-circularizing probes, or circularizing probes. The
LIPs probe may be a linear DNA molecule between 50 and 500 nucleotides in length, and in an
embodiment between 70 and 100 nucleotides in length; in some embodiments, it may be longer or
shorter than described herein. Others embodiments of the present disclosure involve different
incarnations, of the LIPs tcchnology, such as Padlock Probes and MOLECULAR INVERSION
PROBES (MIPs).

One method to target specific locations for sequencing is to synthesize probes in which the
3’ and 5’ ends of the probes anneal to target DNA at locations adjacent to and on either side of the
targeted region, in an inverted manner, such that the addition of DNA polymerase and DNA ligase
results in extension from the 3° end, adding bases to single stranded probe that are complementary
to the target molecule (gap-fill), followed by ligation of the new 3’ end to the 5’ end of the original
probe resulting in a circular DNA molecule that can be subsequently isolated from background
DNA. The probe ends are designed to flank the targeted region of interest. One aspect of this
approach is commonly called MIPS and has been used in conjunction with array technologies to
determine the nature of the sequence [illed in. One drawback to the use of MIPs in the context of
measuring allele ratios is that the hybridization, circularization and amplification steps do not
happed at equal rates for different alleles at the same loci. This results in measured allele ratios
that are not representative of the actual allele ratios present in the original mixture.

In an embodiment, the circularizing probes are constructed such that the region of the probe
that is designed to hybridize upstream of the targeted polymorphic locus and the region of the
probe that is designed to hybridize downstream of the targeted polymorphic locus are covalently
connected through a non-nucleic acid backbone. This backbone can be any biocompatible
molecule or combination of biocompatible molecules. Some examples of possible biocompatible
molecules are poly(ethylene glycol), polycarbonates, polyurethanes, polyethylenes,
polypropylenes, sulfone polymers, silicone, cellulose, fluoropolymers, acrylic compounds, styrene
block copolymers, and other block copolymers.

In an embodiment of the present disclosure, this approach has been modified to be easily
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amenable to sequencing as a means of interrogating the filled in sequence. In order to retain the
original allelic proportions of the original sample at least one key consideration must be taken into
account. The variable positions among different alleles in the gap-fill region must not be too close
to the probe binding sites as there can be initiation bias by the DNA polymerase resulting in
differential of the variants. Another consideration is that additional variations may be present in
the probe binding sites that are correlated to the variants in the gap-fill region which can result
unequal amplification from different alleles. In an embodiment of the present disclosure, the 3’
ends and 5° ends of the pre-circularized probe are designed to hybridize to bases that are one or a
few positions away from thc variant positions (polymorphic sitcs) of thc targeted allele. The
number of bascs between the polymorphic site (SNP or otherwisc) and the basc to which the 3’
end and/or 5° of the pre-circularized probe is designed to hybridize may be one base, it may be
two bases, it may be three bases, it may be four bases, it may be five bases, it may be six bases, it
may be seven to ten bases, it may be eleven to fifteen bases, or it may be sixteen to twenty bases,
twenty to thirty bases, or thirty to sixty bases. The forward and reverse primers may be designed
to hybridize a different number of bases away from the polymorphic site. Circularizing probes can
be generated in large numbers with current DNA synthesis technology allowing very large
numbers of probes to be generated and potentially pooled, enabling interrogation of many loci
simultaneously. It has been reported to work with more than 300,000 probes. Two papers that
discuss a method involving circularizing probes that can be used to measure the genomic data of
the target individual include: Porreca et al., Nature Methods, 2007 4(11), pp. 931-936.; and also
Turner et al., Nature Methods, 2009, 6(5), pp. 315-316. The methods described in these papers
may be used in combination with other methods described herein. Certain steps of the method
from these two papers may be used in combination with other steps from other methods described
herein.

In some embodiments of the methods disclosed herein, the genetic material of the target
individual is optionally amplified, followed by hybridization of the pre-circularized probes,
performing a gap fill to fill in the bases between the two ends of the hybridized probes, ligating
the two ends to form a circularized probe, and amplifying the circularized probe, using, for
example, rolling circle amplification. Once the desired target allelic genetic information is
captured by circularizing appropriately designed oligonucleic probes, such as in the LIPs system,

the genetic sequence of the circularized probes may be being measured to give the desired
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sequence data. In an embodiment, the appropriately designed oligonucleotides probes may be
circularized directly on unamplified genetic material of the target individual, and amplified
afterwards. Note that a number of amplification procedures may be used to amplify the original
genetic material, or the circularized LIPs, including rolling circle amplification, MDA, or other
amplification protocols. Different methods may be used to measure the genetic information on
the target genome, for example using high throughput sequencing, Sanger sequencing, other
sequencing methods, capture-by-hybridization, capture-by-circularization, multiplex PCR, other
hybridization methods, and combinations thereof.

Oncc the genctic material of the individual has been measurcd using onc or a combination
of the abovc mcthods, an informatics bascd mcthod, along with thc appropriatc genctic
measurements, can then be used to determination the transplant status of a transplant recipient.

Applying an informatics based method to determine the transplant status of a transplant
recipient from genetic data as measured by hybridization arrays, such as the ILLUMINA
INFINTUM array, or the AFFYMETRIX gene chip has been described in documents references
elsewhere in this document. However, the method described herein shows improvements over
methods described previously in the literature. For example, the LIPs based approach followed by
high throughput sequencing unexpectedly provides better genotypic data due to the approach
having better capacity for multiplexing, better capture specificity, better uniformity, and low allelic
bias. Greater multiplexing allows more alleles to be targeted, giving more accuralte results. Beller
uniformity results in more of the targeted alleles being measured, giving more accurate results.
Lower rates of allelic bias result in lower rates of miscalls, giving more accurate results. More
accurate results result in an improvement in clinical outcomes, and better medical care.

It is important to note that LIPs may be used as a method for targeting specific loci in a
sample of DNA for genotyping by methods other than sequencing. For example, LIPs may be
used to target DNA for genotyping using SNP arrays or other DNA or RNA based microarrays.

Ligation-mediated PCR

Ligation-mediated PCR is method of PCR used to preferentially enrich a sample of DNA
by amplifying one or a plurality of loci in a mixture of DNA, the method comprising: obtaining a
set of primer pairs, where each primer in the pair contains a target specific sequence and a non-

target sequence, where the target specific sequence is designed to anneal to a target region, one
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upstream and one downstream from the polymorphic site, and which can be separated from the
polymorphic site by 0, 1,2,3,4,5,6,7,8,9, 10, 11-20, 21-30, 31-40, 41-50, 51-100, or more than
100; polymerization of the DNA from the 3-prime end of upstream primer to the fill the single
strand region between it and the 5-prime end of the downstream primer with nucleotides
complementary to the target molecule; ligation of the last polymerized base of the upstream primer
to the adjacent 5-prime base of the downstream primer; and amplification of only polymerized and
ligated molecules using the non-target sequences contained at the 5-prime end of the upstream
primer and the 3-prime end of the downstream primer. Pairs of primers to distinct targets may be
mixcd in the same rcaction. The non-target scquences scrve as universal scquences such that of all
pairs of primcrs that have been successfully polymerized and ligated may be amplified with a

single pair of amplification primers.

Capture by Hybridization

Preferential enrichment of a specific set of sequences in a target genome can be
accomplished in a number of ways. Elsewhere in this document is a description of how LIPs can
be used to target a specific set of sequences, but in all of those applications, other targeting and/or
preferential enrichment methods can be used equally well for the same ends. One example of
another targeting method is the capture by hybridization approach. Some examples of commercial
capture by hybridization technologies include AGILENT’s SURE SELECT and ILLUMINA’s
TRUSEQ. In capture by hybridization, a set of oligonucleotides that is complimentary or mostly
complimentary to the desired targeted sequences is allowed to hybridize to a mixture of DNA, and
then physically separated from the mixture. Once the desired sequences have hybridized to the
targeting oligonucleotides, the effect of physically removing the targeting oligonucleotides is to
also remove the targeted sequences. Once the hybridized oligos are removed, they can be heated
to above their melting temperature and they can be amplified. Some ways to physically remove
the targeting oligonucleotides is by covalently bonding the targeting oligos to a solid support, for
example a magnetic bead, or a chip. Another way to physically remove the targeting
oligonucleotides is by covalently bonding them to a molecular moiety with a strong affinity for
another molecular moiety. An example of such a molecular pair is biotin and streptavidin, such as

is used in SURE SELECT. Thus that targeted sequences could be covalently attached to a biotin
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molecule, and after hybridization, a solid support with streptavidin affixed can be used to pull
down the biotinylated oligonucleotides, to which are hybridized to the targeted sequences.

Hybrid capture involves hybridizing probes that are complementary to the targets of
interest to the target molecules. Hybrid capture probes were originally developed to target and
enrich large fractions of the genome with relative uniformity between targets. In that application,
it was important that all targets be amplified with enough uniformity that all regions could be
detected by sequencing, however, no regard was paid to retaining the proportion of alleles in
original sample. Following capture, the alleles present in the sample can be determined by direct
scquencing of the capturcd molccules. These scquencing rcads can be analyzed and counted
according the allcle typc. Howcver, using the current tcchnology, the measured allcle distributions
the captured sequences are typically not representative of the original allele distributions.

In an embodiment, detection of the alleles is performed by sequencing. In order to capture
the allele identity at the polymorphic site, it is essential that the sequencing read span the allele in
question in order to evaluate the allelic composition of that captured molecule. Since the capture
molecules are often of variable lengths upon sequencing cannot be guaranteed to overlap the
variant positions unless the entire molecule is sequenced. However, cost considerations as well as
technical limitations as to the maximum possible length and accuracy of sequencing reads make
sequencing the entire molecule unfeasible. In an embodiment, the read length can be increased
[rom about 30 (o about 50 or about 70 bases can greatly increase the number of reads that overlap
the variant positions within the targeted sequences.

Another way to increase the number of reads that interrogate the position of interest is to
decrease the length of the probe, as long as it does not result in bias in the underlying enriched
alleles. The length of the synthesized probe should be long enough such that two probes designed
to hybridize to two different alleles found at one locus will hybridize with near equal affinity to
the various alleles in the original sample. Currently, methods known in the art describe probes that
are typically longer than 120 bases. In a current embodiment, if the allele is one or a few bases
then the capture probes may be less than about 110 bases, less than about 100 bases, less than
about 90 bases, less than about 80 bases, less than about 70 bases, less than about 60 bases, less
than about 50 bases, less than about 40 bases, less than about 30 bases, and less than about 25
bases, and this is sufficient to ensure equal enrichment from all alleles. When the mixture of DNA

that is to be enriched using the hybrid capture technology is a mixture comprising free floating
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DNA isolated from blood, for example maternal blood, the average length of DNA is quite short,
typically less than 200 bases. The use of shorter probes results in a greater chance that the hybrid
capture probes will capture desired DNA fragments. Larger variations may require longer probes.
In an embodiment, the variations of interest are one (a SNP) to a few bases in length. In an
embodiment, targeted regions in the genome can be preferentially enriched using hybrid capture
probes wherein the hybrid capture probes are of a length below 90 bases, and can be less than 80
bases, less than 70 bases, less than 60 bases, less than 50 bases, less than 40 bases, less than 30
bases, or less than 25 bases. In an embodiment, to increase the chance that the desired allele 1s
scquenced, the length of the probe that is designed to hybridize to the rcgions flanking the
polymorphic allele location can be decreascd from above 90 bascs, to about 80 bascs, or to about
70 bases, or to about 60 bases, or to about 50 bases, or to about 40 bases, or to about 30 bases, or
to about 25 bases.

There is a minimum overlap between the synthesized probe and the target molecule in order
to enable capture. This synthesized probe can be made as short as possible while still being larger
than this minimum required overlap. The effect of using a shorter probe length to target a
polymorphic region is that there will be more molecules that overlap the target allele region. The
state of fragmentation of the original DNA molecules also affects the number of reads that will
overlap the targeted alleles. Some DNA samples such as plasma samples are already fragmented
due to biological processes that take place in vivo. However, samples with longer [ragments by
benefit from fragmentation prior to sequencing library preparation and enrichment. When both
probes and fragments are short (~60-80 bp) maximum specificity may be achieved relatively few
sequence reads failing to overlap the critical region of interest.

In an embodiment, the hybridization conditions can be adjusted to maximize uniformity in
the capture of different alleles present in the original sample. In an embodiment, hybridization
temperatures are decreased to minimize differences in hybridization bias between alleles. Methods
known in the art avoid using lower temperatures for hybridization because lowering the
temperature has the effect of increasing hybridization of probes to unintended targets. However,
when the goal is to preserve allele ratios with maximum fidelity, the approach of using lower
hybridization temperatures provides optimally accurate allele ratios, despite the fact that the
current art teaches away from this approach. Hybridization temperature can also be increased to

require greater overlap between the target and the synthesized probe so that only targets with
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substantial overlap of the targeted region are captured. In some embodiments of the present
disclosure, the hybridization temperature is lowered from the normal hybridization temperature to
about 40°C, to about 45°C, to about 50°C, to about 55°C, to about 60°C, to about 65, or to about
70°C.

In an embodiment, the hybrid capture probes can be designed such that the region of the
capture probe with DNA that is complementary to the DNA found in regions flanking the
polymorphic allele is not immediately adjacent to the polymorphic site. Instead, the capture probe
can be designed such that the region of the capture probe that is designed to hybridize to the DNA
flanking the polymorphic site of the target is scparated from the portion of the capturc probe that
will be in van der Waals contact with the polymorphic sitc by a small distancc that is cquivalent
in length to one or a small number of bases. In an embodiment, the hybrid capture probe is
designed to hybridize to a region that is flanking the polymorphic allele but does not cross it; this
may be termed a flanking capture probe. The length of the flanking capture probe may be less than
about 120 bases, less than about 110 bases, less than about 100 bases, less than about 90 bases,
and can be less than about 80 bases, less than about 70 bases, less than about 60 bases, less than
about 50 bases, less than about 40 bases, less than about 30 bases, or less than about 25 bases. The
region of the genome that is targeted by the flanking capture probe may be separated by the
polymorphic locus by 1,2, 3,4,5,6,7, 8,9, 10, 11-20, or more than 20 base pairs.

Description of a targeted capture based disease screening tlest using targeted sequence
capture. Custom targeted sequence capture, like those currently offered by AGILENT (SURE
SELECT), ROCHE-NIMBLEGEN, or ILLUMINA. Capture probes could be custom designed to
ensure capture of various types of mutations. For point mutations, one or more probes that overlap
the point mutation should be sufficient to capture and sequence the mutation.

For small insertions or deletions, one or more probes that overlap the mutation may be
sufficient to capture and sequence fragments comprising the mutation. Hybridization may be less
efficient between the probe-limiting capture efficiency, typically designed to the reference genome
sequence. To ensure capture of fragments comprising the mutation one could design two probes,
one matching the normal allele and one matching the mutant allele. A longer probe may enhance
hybridization. Multiple overlapping probes may enhance capture. Finally, placing a probe
immediately adjacent to, but not overlapping, the mutation may permit relatively similar capture

efficiency of the normal and mutant alleles.
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For Simple Tandem Repeats (STRs), a probe overlapping these highly variable sites is
unlikely to capture the fragment well. To enhance capture a probe could be placed adjacent to, but
not overlapping the variable site. The fragment could then be sequenced as normal to reveal the
length and composition of the STR.

For large deletions, a series of overlapping probes, a common approach currently used in
exome capture systems may work. However, with this approach it may be difficult to determine
whether or not an individual is heterozygous. Targeting and evaluating SNPs within the captured
region could potentially reveal loss of heterozygosity across the region indicating that an individual
is a carricr. In an cmbodiment, it is possiblc to place non-overlapping or singlcton probces across
thc potentially dcleted region and usc the number of fragments capturcd as a mcasurc of
heterozygosity. In the case where an individual caries a large deletion, one-half the number of
fragments are expected to be available for capture relative to a non-deleted (diploid) reference
locus. Consequently, the number of reads obtained from the deleted regions should be roughly half
that obtained from a normal diploid locus. Aggregating and averaging the sequencing read depth
from multiple singleton probes across the potentially deleted region may enhance the signal and
improve confidence of the diagnosis. The two approaches, targeting SNPs to identify loss of
heterozygosity and using multiple singleton probes to obtain a quantitative measure of the quantity
of underlying fragments from that locus can also be combined. Either or both of these strategies
may be combined with other strategies (o beller obtain the same end.

There are a number of ways to decrease depth of read (DOR) variability: for example, one
could increase primer concentrations, one could use longer targeted amplification probes, or one
could run more STA cycles (such as more than 25, more than 30, more than 35, or even more than

40)

Targeted PCR

In some embodiments, PCR can be used to target specific locations of the genome. In
plasma samples, the original DNA is highly fragmented (typically less than 500 bp, with an
average length less than 200 bp). In PCR, both forward and reverse primers must anneal to the
same fragment to enable amplification. Therefore, if the fragments are short, the PCR assays must
amplify relatively short regions as well. Like MIPS, if the polymorphic positions are too close the

polymerase binding site, it could result in biases in the amplification from different alleles.

63



10

15

20

25

30

WO 2020/010255 PCT/US2019/040603

Currently, PCR primers that target polymorphic regions, such as those containing SNPs, are
typically designed such that the 3’ end of the primer will hybridize to the base immediately
adjacent to the polymorphic base or bases. In an embodiment of the present disclosure, the 3’ ends
of both the forward and reverse PCR primers are designed to hybridize to bases that are one or a
few positions away from the variant positions (polymorphic sites) of the targeted allele. The
number of bases between the polymorphic site (SNP or otherwise) and the base to which the 3’
end of the primer is designed to hybridize may be one base, it may be two bases, it may be three
bases, it may be four bases, it may be five bases, it may be six bases, it may be seven to ten bases,
it may be cleven to fiftecn bascs, or it may be sixteen to twenty bascs. The forward and reverse
primers may be designed to hybridize a different number of bascs away from the polymorphic site.

PCR assay can be generated in large numbers, however, the interactions between different
PCR assays makes it difficult to multiplex them beyond about one hundred assays. Various
complex molecular approaches can be used to increase the level of multiplexing, but it may still
be limited to fewer than 100, perhaps 200, or possibly 500 assays per reaction. Samples with large
quantities of DNA can be split among multiple sub-reactions and then recombined before
sequencing. For samples where either the overall sample or some subpopulation of DNA
molecules is limited, splitting the sample would introduce statistical noise. In an embodiment, a
small or limited quantity of DNA may refer to an amount below 10 pg, between 10 and 100 pg,
between 100 pg and 1 ng, between 1 and 10 ng, or between 10 and 100 ng. Note that while this
method is particularly useful on small amounts of DNA where other methods that involve splitting
into multiple pools can cause significant problems related to introduced stochastic noise, this
method still provides the benefit of minimizing bias when it is run on samples of any quantity of
DNA. In these situations a universal pre-amplification step may be used to increase the overall
sample quantity. Ideally, this pre-amplification step should not appreciably alter the allelic
distributions.

In an embodiment, a method of the present disclosure can generate PCR products that are
specific to a large number of targeted loci, specifically 1,000 to 5,000 loci, 5,000 to 10,000 loci or
more than 10,000 loci, for genotyping by sequencing or some other genotyping method, from
limited samples such as single cells or DNA from body fluids. Currently, performing multiplex
PCR reactions of more than 5 to 10 targets presents a major challenge and is often hindered by

primer side products, such as primer dimers, and other artifacts. When detecting target sequences
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using microarrays with hybridization probes, primer dimers and other artifacts may be ignored, as
these are not detected. However, when using sequencing as a method of detection, the vast majority
of the sequencing reads would sequence such artifacts and not the desired target sequences in a
sample. Methods described in the prior art used to multiplex more than 50 or 100 reactions in one
reaction followed by sequencing will typically result in more than 20%, and often more than 50%,
in many cases more than 80% and in some cases more than 90% off-target sequence reads.

In general, to perform targeted sequencing of multiple (n) targets of a sample (greater than
50, greater than 100, greater than 500, or greater than 1,000), one can split the sample into a number
of parallel rcactions that amplify onc individual targct. This has been performed in PCR multiwell
plates or can bc donc in commercial platforms such as thc FLUIDIGM ACCESS ARRAY (48
reactions per sample in microfluidic chips) or DROPLET PCR by RAIN DANCE
TECHNOLOGY (100s to a few thousands of targets). Unfortunately, these split-and-pool methods
are problematic for samples with a limited amount of DNA, as there is often not enough copies of
the genome to ensure that there is one copy of each region of the genome in each well. This is an
especially severe problem when polymorphic loci are targeted, and the relative proportions of the
alleles at the polymorphic loci are needed, as the stochastic noise introduced by the splitting and
pooling will cause very poorly accurate measurements of the proportions of the alleles that were
present in the original sample of DNA. Described here is a method to effectively and efficiently
amplily many PCR reactions that is applicable to cases where only a limited amount of DNA is
available. In an embodiment, the method may be applied for analysis of single cells, body fluids,
mixtures of DNA such as the free floating DNA found in transplant recipient plasma, biopsies,
environmental and/or forensic samples.

In an embodiment, the targeted sequencing may involve one, a plurality, or all of the
following steps. a) Generate and amplify a library with adaptor sequences on both ends of DNA
fragments. b) Divide into multiple reactions after library amplification. ¢) Generate and optionally
amplify a library with adaptor sequences on both ends of DNA fragments. d) Perform 1000- to
10,000-plex amplification of selected targets using one target specific “Forward” primer per target
and one tag specific primer. e) Perform a second amplification from this product using ‘“Reverse”
target specific primers and one (or more) primer specific to a universal tag that was introduced as
part of the target specific forward primers in the first round. f) Perform a 1000-plex

preamplification of selected target for a limited number of cycles. g) Divide the product into
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multiple aliquots and amplify subpools of targets in individual reactions (for example, 50 to 500-
plex, though this can be used all the way down to singleplex. h) Pool products of parallel subpools
reactions. i) During these amplifications primers may carry sequencing compatible tags (partial or

full length) such that the products can be sequenced.

Highly Multiplexed PCR

Disclosed herein are methods that permit the targeted amplification of over a hundred to
tens of thousands of target sequences (e.g. SNP loci) from genomic DNA obtained from plasma.
The amplificd samplec may be rclatively free of primer dimer products and have low allelic bias at
target loci. If during or after amplification the products arc appended with scquencing compatible
adaptors, analysis of these products can be performed by sequencing.

Performing a highly multiplexed PCR amplification using methods known in the art results
in the generation of primer dimer products that are in excess of the desired amplification products
and not suitable for sequencing. These can be reduced empirically by eliminating primers that form
these products, or by performing in silico selection of primers. However, the larger the number of
assays, the more difficult this problem becomes.

One solution is to split the 5000-plex reaction into several lower-plexed amplifications,
e.g. one hundred 50-plex or fifty 100-plex reactions, or to use microfluidics or even to split the
sample into individual PCR reactions. However, il the sample DNA is limited, such as in non-
invasive prenatal diagnostics from pregnancy plasma, dividing the sample between multiple
reactions should be avoided as this will result in bottlenecking.

Described herein are methods to first globally amplify the plasma DNA of a sample and
then divide the sample up into multiple multiplexed target enrichment reactions with more
moderate numbers of target sequences per reaction. In an embodiment, a method of the present
disclosure can be used for preferentially enriching a DNA mixture at a plurality of loci, the method
comprising one or more of the following steps: generating and amplifying a library from a mixture
of DNA where the molecules in the library have adaptor sequences ligated on both ends of the
DNA fragments, dividing the amplified library into multiple reactions, performing a first round of
multiplex amplification of selected targets using one target specific “forward” primer per target
and one or a plurality of adaptor specific universal “reverse” primers. In an embodiment, a method

of the present disclosure further includes performing a second amplification using “reverse’” target
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specific primers and one or a plurality of primers specific to a universal tag that was introduced as
part of the target specific forward primers in the first round. In an embodiment, the method may
involve a fully nested, hemi-nested, semi-nested, one sided fully nested, one sided hemi-nested, or
one sided semi-nested PCR approach. In an embodiment, a method of the present disclosure is
used for preferentially enriching a DNA mixture at a plurality of loci, the method comprising
performing a multiplex preamplification of selected targets for a limited number of cycles, dividing
the product into multiple aliquots and amplifying subpools of targets in individual reactions, and
pooling products of parallel subpools reactions. Note that this approach could be used to perform
targceted amplification in a manncr that would result in low levels of allelic bias for 50-500 loci,
for 500 to 5,000 loci, for 5,000 to 50,000 loci, or cven for 50,000 to 500,000 loci. In an
embodiment, the primers carry partial or full length sequencing compatible tags.

The workflow may entail (1) extracting plasma DNA, (2) preparing fragment library with
universal adaptors on both ends of fragments, (3) amplifying the library using universal primers
specific to the adaptors, (4) dividing the amplified sample “library” into multiple aliquots, (5)
performing multiplex (e.g. about 100-plex, 1,000, or 10,000-plex with one target specific primer
per target and a tag-specific primer) amplifications on aliquots, (6) pooling aliquots of one sample,
(7) barcoding the sample, (8) mixing the samples and adjusting the concentration, (9) sequencing
the sample. The workflow may comprise multiple sub-steps that contain one of the listed steps
(e.g. step (2) of preparing the library step could entail three enzymaltic steps (blunt ending, dA
tailing and adaptor ligation) and three purification steps). Steps of the workflow may be combined,
divided up or performed in different order (e.g. bar coding and pooling of samples).

It is important to note that the amplification of a library can be performed in such a way
that it is biased to amplify short fragments more efficiently. In this manner it is possible to
preferentially amplify shorter sequences, e.g. mono-nucleosomal DNA fragments as the cell free
fetal DNA (of placental origin) found in the circulation of pregnant women. Note that PCR assays
can have the tags, for example sequencing tags, (usually a truncated form of 15-25 bases). After
multiplexing, PCR multiplexes of a sample are pooled and then the tags are completed (including
bar coding) by a tag-specific PCR (could also be done by ligation). Also, the full sequencing tags
can be added in the same reaction as the multiplexing. In the first cycles targets may be amplified
with the target specific primers, subsequently the tag-specific primers take over to complete the

SQ-adaptor sequence. The PCR primers may carry no tags. The sequencing tags may be appended
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to the amplification products by ligation.

In an embodiment, highly multiplex PCR followed by evaluation of amplified material by
clonal sequencing may be used to detect transplant rejection status. Whereas traditional multiplex
PCRs evaluate up to fifty loci simultaneously, the approach described herein may be used to enable
simultaneous evaluation of more than 50 loci simultaneously, more than 100 loci simultaneously,
more than 500 loci simultaneously, more than 1,000 loci simultaneously, more than 5,000 loci
simultaneously, more than 10,000 loci simultaneously, more than 50,000 loci simultaneously, and
more than 100,000 loci simultaneously. Experiments have shown that up to, including and more
than 10,000 distinct loci can be cvaluated simultancously, in a single rcaction, with sufficicently
good cfficiecncy and spccificity to make non-invasive transplant staut calls with high accuracy.
Assays may be combined in a single reaction with the entirety of a cfDNA sample isolated from
transplant recipient plasma, a fraction thereof, or a further processed derivative of the cfDNA
sample. The cfDNA or derivative may also be split into multiple parallel multiplex reactions. The
optimum sample splitting and multiplex is determined by trading off various performance
specifications. Due to the limited amount of material, splitting the sample into multiple fractions
can introduce sampling noise, handling time, and increase the possibility of error. Conversely,
higher multiplexing can result in greater amounts of spurious amplification and greater inequalities
in amplification both of which can reduce test performance.

Two crucial related considerations in the application of the methods described herein are
the limited amount of original plasma and the number of original molecules in that material from
which allele frequency or other measurements are obtained. If the number of original molecules
falls below a certain level, random sampling noise becomes significant, and can affect the accuracy
of the test. Typically, data of sufficient quality for making non-invasive prenatal aneuploidy
diagnoses can be obtained if measurements are made on a sample comprising the equivalent of
500-1000 original molecules per target locus. There are a number of ways of increasing the number
of distinct measurements, for example increasing the sample volume. Each manipulation applied
to the sample also potentially results in losses of material. It is essential to characterize losses
incurred by various manipulations and avoid, or as necessary improve yield of certain
manipulations to avoid losses that could degrade performance of the test.

In an embodiment, it is possible to mitigate potential losses in subsequent steps by

amplifying all or a fraction of the original cfDNA sample. Various methods are available to
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amplify all of the genetic material in a sample, increasing the amount available for downstream
procedures. In an embodiment, ligation mediated PCR (LM-PCR) DNA fragments are amplified
by PCR after ligation of either one distinct adaptors, two distinct adapters, or many distinct
adaptors. In an embodiment, multiple displacement amplification (MDA) phi-29 polymerase is
used to amplify all DNA isothermally. In DOP-PCR and variations, random priming is used to
amplify the original material DNA. Each method has certain characteristics such as uniformity of
amplification across all represented regions of the genome, efficiency of capture and amplification
of original DNA, and amplification performance as a function of the length of the fragment.

In an cmbodiment LM-PCR may bc used with a single heteroduplexed adaptor having a 3-
prime tyrosine. The heteroduplexed adaptor enables the usc of a single adaptor molecule that may
be converted to two distinct sequences on 5-prime and 3-prime ends of the original DNA fragment
during the first round of PCR. In an embodiment, it is possible to fractionate the amplified library
by size separations, or products such as AMPURE, TASS or other similar methods. Prior to
ligation, sample DNA may be blunt ended, and then a single adenosine base is added to the 3-
prime end. Prior to ligation the DNA may be cleaved using a restriction enzyme or some other
cleavage method. During ligation the 3-prime adenosine of the sample fragments and the
complementary 3-prime tyrosine overhang of adaptor can enhance ligation efficiency. The
extension step of the PCR amplification may be limited from a time standpoint to reduce
amplification [rom [ragments longer than about 200 bp, about 300 bp, about 400 bp, about 500 bp
or about 1,000 bp. Since longer DN A found in the transplant recipient plasma is nearly exclusively
maternal, this may result in the enrichment of fetal DNA by 10-50% and improvement of test
performance. A number of reactions were run using conditions as specified by commercially
available kits; the resulted in successful ligation of fewer than 10% of sample DNA molecules. A

series of optimizations of the reaction conditions for this improved ligation to approximately 70%.

Mini-PCR

Traditional PCR assay design results in significant losses of distinct donor-derive nucleic
acid molecules, but losses can be greatly reduced by designing very short PCR assays, termed
mini-PCR assays. cf[DNA in recipient serum is highly fragmented and the fragment sizes are
distributed in approximately a Gaussian fashion with a mean of 160 bp, a standard deviation of 15

bp. a minimum size of about 100 bp, and a maximum size of about 220 bp. The distribution of
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fragment start and end positions with respect to the targeted polymorphisms, while not necessarily
random, vary widely among individual targets and among all targets collectively and the
polymorphic site of one particular target locus may occupy any position from the start to the end
among the various fragments originating from that locus. Note that the term mini-PCR may equally
well refer to normal PCR with no additional restrictions or limitations.

During PCR, amplification will only occur from template DNA fragments comprising both
forward and reverse primer sites. Because donor derived cfDNA fragments are short, the likelihood
of both primer sites being present the likelihood of a fetal fragment of length L comprising both
the forward and rcverse primers sites is ratio of the length of the amplicon to the length of the
fragment. Undcr idcal conditions, assays in which thc amplicon is 45, 50, 55, 60, 65, or 70 bp will
successtully amplify from 72%, 69%, 66%, 63%. 59%, or 56%, respectively, of available template
fragment molecules. The amplicon length is the distance between the 5-prime ends of the forward
and reverse priming sites. Amplicon length that is shorter than typically used by those known in
the art may result in more efficient measurements of the desired polymorphic loci by only requiring
short sequence reads. In an embodiment, a substantial fraction of the amplicons should be less than
100 bp, less than 90 bp, less than 80 bp, less than 70 bp, less than 65 bp, less than 60 bp, less than
55 bp, less than 50 bp, or less than 45 bp. In some embodiments, the amplicons are between 50 to
100 bp in length, or between 60 and 80 bp in length. In some embodiments, the amplicons are
about 65 bp in length.

Note that in methods known in the prior art, short assays such as those described herein are
usually avoided because they are not required and they impose considerable constraint on primer
design by limiting primer length, annealing characteristics, and the distance between the forward
and reverse primer.

Also note that there is the potential for biased amplification if the 3-prime end of the either
primer is within roughly 1-6 bases of the polymorphic site. This single base difference at the site
of initial polymerase binding can result in preferential amplification of one allele, which can alter
observed allele frequencies and degrade performance. All of these constraints make it very
challenging to identify primers that will amplify a particular locus successfully and furthermore,
to design large sets of primers that are compatible in the same multiplex reaction. In an
embodiment, the 3° end of the inner forward and reverse primers are designed to hybridize to a

region of DNA upstream from the polymorphic site, and separated from the polymorphic site by a
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small number of bases. Ideally, the number of bases may be between 6 and 10 bases, but may
equally well be between 4 and 15 bases, between three and 20 bases, between two and 30 bases,
or between 1 and 60 bases, and achieve substantially the same end.

Multiplex PCR may involve a single round of PCR in which all targets are amplified or it
may involve one round of PCR followed by one or more rounds of nested PCR or some variant of
nested PCR. Nested PCR consists of a subsequent round or rounds of PCR amplification using one
or more new primers that bind internally, by at least one base pair, to the primers used in a previous
round. Nested PCR reduces the number of spurious amplification targets by amplifying, in
subscquent reactions, only thosc amplification products from the previous one that have the correct
intcrnal scquence. Reducing spurious amplification targets improves the number of uscful
measurements that can be obtained, especially in sequencing. Nested PCR typically entails
designing primers completely internal to the previous primer binding sites, necessarily increasing
the minimum DNA segment size required for amplification. For samples such as transplant
recipient plasma cfDNA, in which the DNA is highly fragmented, the larger assay size reduces the
number of distinct cfDNA molecules from which a measurement can be obtained. In an
embodiment, to offset this effect, one may use a partial nesting approach where one or both of the
second round primers overlap the first binding sites extending internally some number of bases to
achieve additional specificity while minimally increasing in the total assay size.

In an embodiment, a multiplex pool of PCR assays are designed to amplily potentially
heterozygous SNP or other polymorphic or non-polymorphic loci on one or more chromosomes
and these assays are used in a single reaction to amplify DNA. The number of PCR assays may be
between 50 and 200 PCR assays, between 200 and 1,000 PCR assays, between 1,000 and 5,000
PCR assays, or between 5,000 and 20,000 PCR assays (50 to 200-plex, 200 to 1,000-plex, 1,000
to 5,000-plex, 5,000 to 20,000-plex, more than 20,000-plex respectively). In an embodiment, a
multiplex pool of about 10,000 PCR assays (10,000-plex) are designed to amplify potentially
heterozygous SNP loci on chromosomes X, Y, 13, 18, and 21 and 1 or 2 and these assays are used
in a single reaction to amplify cfDNA obtained from a material plasma sample, chorion villus
samples, amniocentesis samples, single or a small number of cells, other bodily fluids or tissues,
cancers, or other genetic matter. The SNP frequencies of each locus may be determined by clonal
or some other method of sequencing of the amplicons. Statistical analysis of the allele frequency

distributions or ratios of all assays may be used to determine if the sample contains a trisomy of
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one or more of the chromosomes included in the test. In another embodiment the original cfDNA
samples is split into two samples and parallel 5,000-plex assays are performed. In another
embodiment the original cfDNA samples is split into n samples and parallel (~10,000/n)-plex
assays are performed where n is between 2 and 12, or between 12 and 24, or between 24 and 48,
or between 48 and 96. Data is collected and analyzed in a similar manner to that already described.
Note that this method is equally well applicable to detecting translocations, deletions, duplications,
and other chromosomal abnormalities.

In an embodiment, tails with no homology to the target genome may also be added to the
3-primc or 5-primc cnd of any of thc primers. Thesc tails facilitatc subscquent manipulations,
procedurcs, or mcasurcments. In an cmbodiment, the tail scquence can be the same for the forward
and reverse target specific primers. In an embodiment, different tails may used for the forward and
reverse target specific primers. In an embodiment, a plurality of different tails may be used for
different loci or sets of loci. Certain tails may be shared among all loci or among subsets of loci.
For example, using forward and reverse tails corresponding to forward and reverse sequences
required by any of the current sequencing platforms can enable direct sequencing following
amplification. In an embodiment, the tails can be used as common priming sites among all
amplified targets that can be used to add other useful sequences. In some embodiments, the inner
primers may contain a region that is designed to hybridize either upstream or downstream of the
targeted polymorphic locus. In some embodiments, the primers may contain a molecular barcode.
In some embodiments, the primer may contain a universal priming sequence designed to allow
PCR amplification.

In an embodiment, a 10,000-plex PCR assay pool is created such that forward and reverse
primers have tails corresponding to the required forward and reverse sequences required by a high
throughput sequencing instrument such as the HISEQ, GAIIX, or MYSEQ available from
ILLUMINA. In addition, included 5-prime to the sequencing tails is an additional sequence that
can be used as a priming site in a subsequent PCR to add nucleotide barcode sequences to the
amplicons, enabling multiplex sequencing of multiple samples in a single lane of the high
throughput sequencing instrument.

In an embodiment, a 10,000-plex PCR assay pool is created such that reverse primers have
tails corresponding to the required reverse sequences required by a high throughput sequencing

instrument. After amplification with the first 10,000-plex assay, a subsequent PCR amplification
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may be performed using a another 10,000-plex pool having partly nested forward primers (e.g. 6-
bases nested) for all targets and a reverse primer corresponding to the reverse sequencing tail
included in the first round. This subsequent round of partly nested amplification with just one
target specific primer and a universal primer limits the required size of the assay, reducing
sampling noise, but greatly reduces the number of spurious amplicons. The sequencing tags can
be added to appended ligation adaptors and/or as part of PCR probes, such that the tag is part of
the final amplicon.

The mini-PCR method described in this disclosure enables highly multiplexed
amplification and analysis of hundreds to thousands or cven millions of loci in a single recaction,
from a singlc samplc. At the same, the detection of the amplificd DNA can be multiplexed; tens to
hundreds of samples can be multiplexed in one sequencing lane by using barcoding PCR. This
multiplexed detection has been successfully tested up to 49-plex, and a much higher degree of
multiplexing is possible. In effect, this allows hundreds of samples to be genotyped at thousands
of SNPs in a single sequencing run. For these samples, the method allows determination of
genotype and heterozygosity rate. This method may be used for any amount of DNA or RNA, and
the targeted regions may be SNPs, other polymorphic regions, non-polymorphic regions, and
combinations thereof.

In some embodiments, ligation mediated universal-PCR amplification of fragmented DNA
may be used. The ligation mediated universal-PCR amplification can be used to amplify plasma
DNA, which can then be divided into multiple parallel reactions. It may also be used to
preferentially amplify short fragments, thereby enriching fetal fraction. In some embodiments the
addition of tags to the fragments by ligation can enable detection of shorter fragments, use of
shorter target sequence specific portions of the primers and/or annealing at higher temperatures
which reduces unspecific reactions.

The methods described herein may be used for a number of purposes where there is a target
set of DNA that is mixed with an amount of contaminating DNA. In some embodiments, the target
and contaminating DNA may be from the same individual, but where the target and contaminating
DNA are different by one or more mutations, for example in the case of cancer. (see e.g. H. Mamon
et al. Preferential Amplification of Apoptotic DNA from Plasma: Potential for Enhancing
Detection of Minor DNA Alterations in Circulating DNA. Clinical Chemistry 54:9 (2008). In some

embodiments, the DNA may be found in cell culture (apoptotic) supernatant. In some
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embodiments, it is possible to induce apoptosis in biological samples (e.g. blood) for subsequent
library preparation, amplification and/or sequencing. A number of enabling workflows and
protocols to achieve this end are presented elsewhere in this disclosure.

In some embodiments, the target DNA may originate from single cells, from samples of
DNA consisting of less than one copy of the target genome, from low amounts of DNA, from
DNA from mixed origin, from other body fluids, from cell cultures, from culture supernatants,
from forensic samples of DNA, from ancient samples of DNA (e.g. insects trapped in amber), from
other samples of DNA, and combinations thereof.

In somc cmbodiments, a short amplicon sizc may be uscd. Short amplicon sizcs arc
cspecially suited for fragmented DNA (scc c.g. A. Sikora, ct sl. Dctection of incrcased amounts of
cell-free fetal DNA with short PCR amplicons. Clin Chem. 2010 Jan;56(1):136-8.)

The use of short amplicon sizes may result in some significant benefits. Short amplicon
sizes may result in optimized amplification efficiency. Short amplicon sizes typically produce
shorter products, therefore there is less chance for nonspecific priming. Shorter products can be
clustered more densely on sequencing flow cell, as the clusters will be smaller. In an embodiment,
a substantial fraction of the amplicons should be less than 100 bp, less than 90 bp, less than 80 bp,
less than 70 bp, less than 65 bp, less than 60 bp, less than 55 bp, less than 50 bp, or less than 45
bp. In some embodiments, the amplicons are between 50 to 100 bp in length, or between 60 and
80 bp in length. In some embodiments, the amplicons are about 65 bp in length.

Note that the methods described herein may work equally well for longer PCR amplicons.
Amplicon length may be increased if necessary, for example, when sequencing larger sequence
stretches. Experiments with 146-plex targeted amplification with assays of 100 bp to 200 bp length
as first step in a nested-PCR protocol were run on single cells and on genomic DNA with positive
results.

In some embodiments, the methods described herein may be used to amplify and/or detect
SNPs, copy number, nucleotide methylation, mRNA levels, other types of RNA expression levels,
other genetic and/or epigenetic features. The mini-PCR methods described herein may be used
along with next-generation sequencing; it may be used with other downstream methods such as
microarrays, counting by digital PCR, real-time PCR, Mass-spectrometry analysis etc.

In some embodiment, the mini-PCR amplification methods described herein may be used

as part of a method for accurate quantification of minority populations. It may be used for absolute
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quantification using spike calibrators. It may be used for mutation / minor allele quantification
through very deep sequencing, and may be run in a highly multiplexed fashion. It may be used for
standard paternity and identity testing of relatives or ancestors, in human, animals, plants or other
creatures. It may be used for forensic testing. It may be used for rapid genotyping and copy number
analysis (CN), on any kind of material, e.g. amniotic fluid and CVS, sperm, product of conception
(POC). It may be used for single cell analysis, such as genotyping on samples biopsied from
embryos. It may be used for rapid embryo analysis (within less than one, one, or two days of
biopsy) by targeted sequencing using min-PCR.

In some cmbodiments, it may be used for tumor analysis: tumor biopsics arc oftcn a mixturc
of health and tumor cclls. Targeted PCR allows deep scquencing of SNPs and loci with closc to
no background sequences. It may be used for copy number and loss of heterozygosity analysis on
tumor DNA. Said tumor DNA may be present in many different body fluids or tissues of tumor
patients. It may be used for detection of tumor recurrence, and/or tumor screening. It may be used
for quality control testing of seeds. It may be used for breeding, or fishing purposes. Note that any
of these methods could equally well be used targeting non-polymorphic loci for the purpose of
ploidy calling.

Some literature describing some of the fundamental methods that underlie the methods
disclosed herein include: (1) Wang HY, Luo M, Tereshchenko IV, Frikker DM, Cui X, LiJY, Hu
G, Chu Y, Azaro MA, Lin Y, Shen L, Yang Q, Kambouris ME, Gao R, Shih W, Li H. Genome
Res. 2005 Feb;15(2):276-83. Department of Molecular Genetics, Microbiology and
Immunology/The Cancer Institute of New Jersey, Robert Wood Johnson Medical School, New
Brunswick, New Jersey 08903, USA. (2) High-throughput genotyping of single nucleotide
polymorphisms with high sensitivity. Li H, Wang HY, Cui X, Luo M, Hu G, Greenawalt DM,
Tereshchenko IV, LiJY, Chu Y, Gao R. Methods Mol Biol. 2007;396 - PubMed PMID: 18025699.
(3) A method comprising multiplexing of an average of 9 assays for sequencing is described in:
Nested Patch PCR enables highly multiplexed mutation discovery in candidate genes. Varley KE,
Mitra RD. Genome Res. 2008 Nov;18(11):1844-50. Epub 2008 Oct 10. Note that the methods

disclosed herein allow multiplexing of orders of magnitude more than in the above references.
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Primer Design

Highly multiplexed PCR can often result in the production of a very high proportion of
product DNA that results from unproductive side reactions such as primer dimer formation. In an
embodiment, the particular primers that are most likely to cause unproductive side reactions may
be removed from the primer library to give a primer library that will result in a greater proportion
of amplified DNA that maps to the genome. The step of removing problematic primers, that is,
those primers that are particularly likely to firm dimers has unexpectedly enabled extremely high
PCR multiplexing levels for subscquent analysis by scquencing. In systems such as scquencing,
where performance significantly degrades by primer dimers and/or other mischief products,
greater than 10, greater than 50, and greater than 100 times higher multiplexing than other
described multiplexing has been achieved. Note this is opposed to probe based detection methods,
e.g. microarrays, TAQMAN, PCR etc. where an excess of primer dimers will not affect the
outcome appreciably. Also note that the general belief in the art is that multiplexing PCR for
sequencing is limited to about 100 assays in the same well. E.g. Fluidigm and Rain Dance offer
platforms to perform 48 or 1000s of PCR assays in parallel reactions for one sample.

There are a number of ways to choose primers for a library where the amount of non-
mapping primer-dimer or other primer mischief products are minimized. Empirical data indicate
that a small number of ‘bad’ primers are responsible [or a large amount of non-mapping primer
dimer side reactions. Removing these ‘bad’ primers can increase the percent of sequence reads
that map to targeted loci. One way to identify the ‘bad’ primers is to look at the sequencing data
of DNA that was amplified by targeted amplification; those primer dimers that are seen with
greatest frequency can be removed to give a primer library that is significantly less likely to result
in side product DNA that does not map to the genome. There are also publicly available programs
that can calculate the binding energy of various primer combinations, and removing those with the
highest binding energy will also give a primer library that is significantly less likely to result in
side product DNA that does not map to the genome.

Multiplexing large numbers of primers imposes considerable constraint on the assays that
can be included. Assays that unintentionally interact result in spurious amplification products. The
size constraints of miniPCR may result in further constraints. In an embodiment, it is possible to

begin with a very large number of potential SNP targets (between about 500 to greater than 1

76



10

15

20

25

30

WO 2020/010255 PCT/US2019/040603

million) and attempt to design primers to amplify each SNP. Where primers can be designed it is
possible to attempt to identify primer pairs likely to form spurious products by evaluating the
likelihood of spurious primer duplex formation between all possible pairs of primers using
published thermodynamic parameters for DNA duplex formation. Primer interactions may be
ranked by a scoring function related to the interaction and primers with the worst interaction scores
are eliminated until the number of primers desired is met. In cases where SNPs likely to be
heterozygous are most useful, it is possible to also rank the list of assays and select the most
heterozygous compatible assays. Experiments have validated that primers with high interaction
scorcs arc most likely to form primer dimers. At high multiplexing it is not possiblc to climinatc
all spurious intcractions, but it is csscntial to remove the primers or pairs of primers with the
highest interaction scores in silico as they can dominate an entire reaction, greatly limiting
amplification from intended targets. We have performed this procedure to create multiplex primer
sets of up 10,000 primers. The improvement due to this procedure is substantial, enabling
amplification of more than 80%, more than 90%, more than 95%, more than 98%, and even more
than 99% on target products as determined by sequencing of all PCR products, as compared to
10% from a reaction in which the worst primers were not removed. When combined with a partial
semi-nested approach as previously described, more than 90%, and even more than 95% of
amplicons may map to the targeted sequences.

Note that there are other methods for determining which PCR probes are likely (o form
dimers. In an embodiment, analysis of a pool of DNA that has been amplified using a non-
optimized set of primers may be sufficient to determine problematic primers. For example, analysis
may be done using sequencing, and those dimers which are present in the greatest number are
determined to be those most likely to form dimers, and may be removed.

This method has a number of potential application, for example to SNP genotyping,
heterozygosity rate determination, copy number measurement, and other targeted sequencing
applications. In an embodiment, the method of primer design may be used in combination with the
mini-PCR method described elsewhere in this document. In some embodiments, the primer design
method may be used as part of a massive multiplexed PCR method.

The use of tags on the primers may reduce amplification and sequencing of primer dimer
products. Tag-primers can be used to shorten necessary target-specific sequence to below 20,

below 15, below 12, and even below 10 base pairs. This can be serendipitous with standard primer
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design when the target sequence is fragmented within the primer binding site or, or it can be
designed into the primer design. Advantages of this method include: it increases the number of
assays that can be designed for a certain maximal amplicon length, and it shortens the “non-
informative” sequencing of primer sequence. It may also be used in combination with internal
tagging (see elsewhere in this document).

In an embodiment, the relative amount of nonproductive products in the multiplexed
targeted PCR amplification can be reduced by raising the annealing temperature. In cases where
one is amplifying libraries with the same tag as the target specific primers, the annealing
temperaturc can be increascd in comparison to the gecnomic DNA as the tags will contribute to the
primer binding. In some cmbodiments we arc using considcrably lower primer concentrations than
previously reported along with using longer annealing times than reported elsewhere. In some
embodiments the annealing times may be longer than 10 minutes, longer than 20 minutes, longer
than 30 minutes, longer than 60 minutes, longer than 120 minutes, longer than 240 minutes, longer
than 480 minutes, and even longer than 960 minutes. In an embodiment, longer annealing times
are used than in previous reports, allowing lower primer concentrations. In some embodiments,
the primer concentrations are as low as 50 nM, 20 nM, 10 nM, 5 nM, 1 nM, and lower than 1 uM.
This surprisingly results in robust performance for highly multiplexed reactions, for example
1,000-plex reactions, 2,000-plex reactions, 5,000-plex reactions, 10,000-plex reactions, 20,000-
plex reactions, 50,000-plex reactions, and even 100,000-plex reactions. In an embodiment, the
amplification uses one, two, three, four or five cycles run with long annealing times, followed by
PCR cycles with more usual annealing times with tagged primers.

To select target locations, one may start with a pool of candidate primer pair designs and
create a thermodynamic model of potentially adverse interactions between primer pairs, and then

use the model to eliminate designs that are incompatible with other the designs in the pool.

Targeted PCR Variants - Nesting

There are many workflows that are possible when conducting PCR; some workflows
typical to the methods disclosed herein are described. The steps outlined herein are not meant to
exclude other possible steps nor does it imply that any of the steps described herein are required
for the method to work properly. A large number of parameter variations or other modifications

are known in the literature, and may be made without affecting the essence of the invention. One
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particular generalized workflow is given below followed by a number of possible variants. The
variants typically refer to possible secondary PCR reactions, for example different types of nesting
that may be done (step 3). It is important to note that variants may be done at different times, or
in different orders than explicitly described herein.
1. The DNA in the sample may have ligation adapters, often referred to as library tags or
ligation adaptor tags (LTs), appended, where the ligation adapters contain a universal priming
sequence, followed by a universal amplification. In an embodiment, this may be done using a
standard protocol designed to create sequencing libraries after fragmentation. In an embodiment,
the DNA samplc can be blunt ended, and then an A can be added at the 3” end. A Y-adaptor with
a T-overhang can be added and ligated. In some cmbodiments, other sticky ends can be uscd other
than an A or T overhang. In some embodiments, other adaptors can be added, for example looped
ligation adaptors. In some embodiments, the adaptors may have tag designed for PCR
amplification.
2. Specific Target Amplification (STA): Pre-amplification of hundreds to thousands to tens
of thousands and even hundreds of thousands of targets may be multiplexed in one reaction. STA
is typically run from 10 to 30 cycles, though it may be run from 5 to 40 cycles, from 2 to 50 cycles,
and even from 1 to 100 cycles. Primers may be tailed, for example for a simpler workflow or to
avoid sequencing of a large proportion of dimers. Note that typically, dimers of both primers
carrying the same tag will not be amplified or sequenced elliciently. In some embodiments,
between 1 and 10 cycles of PCR may be carried out; in some embodiments between 10 and 20
cycles of PCR may be carried out; in some embodiments between 20 and 30 cycles of PCR may
be carried out; in some embodiments between 30 and 40 cycles of PCR may be carried out; in
some embodiments more than 40 cycles of PCR may be carried out. The amplification may be a
linear amplification. The number of PCR cycles may be optimized to result in an optimal depth of
read (DOR) profile. Different DOR profiles may be desirable for different purposes. In some
embodiments, a more even distribution of reads between all assays is desirable; if the DOR is too
small for some assays, the stochastic noise can be too high for the data to be too useful, while if
the depth of read is too high, the marginal usefulness of each additional read is relatively small.
Primer tails may improve the detection of fragmented DNA from universally tagged
libraries. If the library tag and the primer-tails contain a homologous sequence, hybridization can

be improved (for example, melting temperature (Twm) 1s lowered) and primers can be extended if
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only a portion of the primer target sequence is in the sample DNA fragment. In some embodiments,
13 or more target specific base pairs may be used. In some embodiments, 10 to 12 target specific
base pairs may be used. In some embodiments, 8 to 9 target specific base pairs may be used. In
some embodiments, 6 to 7 target specific base pairs may be used. In some embodiments, STA may
be performed on pre-amplified DNA, e.g. MDA, RCA, other whole genome amplifications, or
adaptor-mediated universal PCR. In some embodiments, STA may be performed on samples that
are enriched or depleted of certain sequences and populations, e.g. by size selection, target capture,
directed degradation.

3. In somec cmbodiments, it is possible to perform sccondary multiplex PCRs or primer
cxtension rcactions to incrcasc specificity and reduce undcesirable products. For cxample, full
nesting, semi-nesting, hemi-nesting, and/or subdividing into parallel reactions of smaller assay
pools are all techniques that may be used to increase specificity. Experiments have shown that
splitting a sample into three 400-plex reactions resulted in product DNA with greater specificity
than one 1,200-plex reaction with exactly the same primers. Similarly, experiments have shown
that splitting a sample into four 2,400-plex reactions resulted in product DNA with greater
specificity than one 9,600-plex reaction with exactly the same primers. In an embodiment, it is
possible to use target-specific and tag specific primers of the same and opposing directionality.

4. In some embodiments, it is possible to amplify a DNA sample (dilution, purified or
otherwise) produced by an STA reaction using tag-specilic primers and “universal amplification’,
i.e. to amplify many or all pre-amplified and tagged targets. Primers may contain additional
functional sequences, e.g. barcodes, or a full adaptor sequence necessary for sequencing on a high
throughput sequencing platform.

These methods may be used for analysis of any sample of DNA, and are especially useful
when the sample of DNA is particularly small, or when it is a sample of DNA where the DNA
originates from more than one individual, such as in the case of transplant recipient plasma. These
methods may be used on DNA samples such as a single or small number of cells, genomic DNA,
plasma DNA, amplified plasma libraries, amplified apoptotic supernatant libraries, or other
samples of mixed DNA. In an embodiment, these methods may be used in the case where cells of
different genetic constitution may be present in a single individual, such as with cancer or

transplants.
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Protocol variants (variants and/or additions to the workflow above)

Direct multiplexed mini-PCR: In some embodiments, specific target amplification
(STA) of a plurality of target sequences with tagged primers is performed. In some embodiments,
STA may be done on more than 100, more than 200, more than 500, more than 1,000, more than
2,000, more than 5,000, more than 10,000, more than 20,000, more than 50,000, more than 100,000
or more than 200,000 targets. In a subsequent reaction, tag-specific primers amplify all target
sequences and lengthen the tags to include all necessary sequences for sequencing, including
sample indexes. In an embodiment, primers may not be tagged or only certain primers may be
tagged. Scquencing adaptors may be added by conventional adaptor ligation. In an cmbodiment,
the initial primers may carry the tags.

In an embodiment, primers are designed so that the length of DNA amplified is
unexpectedly short. Prior art demonstrates that ordinary people skilled in the art typically design
100+ bp amplicons. In an embodiment, the amplicons may be designed to be less than 80 bp. In
an embodiment, the amplicons may be designed to be less than 70 bp. In an embodiment, the
amplicons may be designed to be less than 60 bp. In an embodiment, the amplicons may be
designed to be less than 50 bp. In an embodiment, the amplicons may be designed to be less than
45 bp. In an embodiment, the amplicons may be designed to be less than 40 bp. In an embodiment,
the amplicons may be designed (o be less than 35 bp. In an embodiment, the amplicons may be
designed to be between 40 and 65 bp.

Sequential PCR: After STA1 multiple aliquots of the product may be amplified in
parallel with pools of reduced complexity with the same primers. The first amplification can give
enough material to split. This method is especially good for small samples, for example those that
are about 6-100 pg, about 100 pg to 1 ng, about 1 ng to 10 ng, or about 10 ng to 100 ng. The
protocol was performed with 1200-plex into three 400-plexes. Mapping of sequencing reads
increased from around 60 to 70 % in the 1200-plex alone to over 95%.

Semi-nested mini- PCR: In some embodiments, after STA 1 a second STA is performed
comprising a multiplex set of internal nested Forward primers and one (or few) tag-specific
Reverse primers. With this workflow usually greater than 95% of sequences map to the intended
targets. The nested primer may overlap with the outer Forward primer sequence but introduces

additional 3’-end bases. In some embodiments it is possible to use between one and 20 extra 3’
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bases. Experiments have shown that using 9 or more extra 3” bases in a 1200-plex designs works
well.

Fully nested mini-PCR: After STA step 1, it is possible to perform a second multiplex
PCR (or parallel m.p. PCRs of reduced complexity) with two nested primers carrying tags (A, a,
B, b). In some embodiments, it is possible to use two full sets of primers. Experiments using a
fully nested mini-PCR protocol were used to perform 146-plex amplification on single and three
cells without the step of appending universal ligation adaptors and amplifying.

Hemi-nested mini-PCR: It is possible to use target DNA that has and adaptors at the
fragment cnds. STA is performed comprising a multiplex sct of Forward primers (B) and onc (or
few) tag-spccific Reverse primers (A). A sccond STA can be performed using a universal tag-
specific Forward primer and target specific Reverse primer. In this workflow, target specific
Forward and Reverse primers are used in separate reactions, thereby reducing the complexity of
the reaction and preventing dimer formation of forward and reverse primers. Note that in this
example, primers A and B may be considered to be first primers, and primers ‘a’ and ‘b’ may be
considered to be inner primers. This method is a big improvement on direct PCR as it is as good
as direct PCR, but it avoids primer dimers. After first round of hemi nested protocol one typically
sees ~99% non-targeted DNA, however, after second round there is typically a big improvement.

Triply hemi-nested mini-PCR: It is possible to use target DNA that has and adaptor at
the [ragment ends. STA is performed comprising a multiplex set of Forward primers (B) and one
(or few) tag-specific Reverse primers (A) and (a). A second STA can be performed using a
universal tag-specific Forward primer and target specific Reverse primer. Note that in this
example, primers ‘a’ and B may be considered to be inner primers, and A may be considered to be
a first primer. Optionally, both A and B may be considered to be first primers, and ‘a’ may be
considered to be an inner primer. The designation of reverse and forward primers may be switched.
In this workflow, target specific Forward and Reverse primers are used in separate reactions,
thereby reducing the complexity of the reaction and preventing dimer formation of forward and
reverse primers. This method is a big improvement on direct PCR as it is as good as direct PCR,
but it avoids primer dimers. After first round of hemi nested protocol one typically sees ~99%
non-targeted DNA, however, after second round there is typically a big improvement.

One-sided nested mini-PCR: It is possible to use target DNA that has an adaptor at the

fragment ends. STA may also be performed with a multiplex set of nested Forward primers and

82



10

15

20

25

30

WO 2020/010255 PCT/US2019/040603

using the ligation adapter tag as the Reverse primer. A second STA may then be performed using
a set of nested Forward primers and a universal Reverse primer. This method can detect shorter
target sequences than standard PCR by using overlapping primers in the first and second STAs.
The method is typically performed off a sample of DNA that has already undergone STA step 1
above — appending of universal tags and amplification; the two nested primers are only on one
side, other side uses the library tag. The method was performed on libraries of apoptotic
supernatants and pregnancy plasma. With this workflow around 60% of sequences mapped to the
intended targets. Note that reads that contained the reverse adaptor sequence were not mapped, so
this number is expccted to be higher if thosc rcads that contain the reversc adaptor scquence arc
mappcd

One-sided mini-PCR: Itis possible to use target DNA that has an adaptor at the fragment
ends. STA may be performed with a multiplex set of Forward primers and one (or few) tag-specific
Reverse primer. This method can detect shorter target sequences than standard PCR. However it
may be relatively unspecific, as only one target specific primer is used. This protocol is effectively
half of the one sided nested mini PCR

Reverse semi-nested mini-PCR: It is possible to use target DNA that has an adaptor at
the fragment ends. STA may be performed with a multiplex set of Forward primers and one (or
few) tag-specific Reverse primer. This method can detect shorter target sequences than standard
PCR.

There also may be more variants that are simply iterations or combinations of the above
methods such as doubly nested PCR, where three sets of primers are used. Another variant is one-
and-a-half sided nested mini-PCR, where STA may also be performed with a multiplex set of
nested Forward primers and one (or few) tag-specific Reverse primer.

Note that in all of these variants, the identity of the Forward primer and the Reverse primer
may be interchanged. Note that in some embodiments, the nested variant can equally well be run
without the initial library preparation that comprises appending the adapter tags, and a universal
amplification step. Note that in some embodiments, additional rounds of PCR may be included,
with additional Forward and/or Reverse primers and amplification steps; these additional steps
may be particularly useful if it is desirable to further increase the percent of DNA molecules that
correspond to the targeted loci.

Looped ligation adaptors
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When adding universal tagged adaptors for example for the purpose of making a library
for sequencing, there are a number of ways to ligate adaptors. One way is to blunt end the sample
DNA, perform A-tailing, and ligate with adaptors that have a T-overhang. There are a number of
other ways to ligate adaptors. There are also a number of adaptors that can be ligated. For example,
a Y-adaptor can be used where the adaptor consists of two strands of DNA where one strand has
a double strand region, and a region specified by a forward primer region, and where the other
strand specified by a double strand region that is complementary to the double strand region on
the first strand, and a region with a reverse primer. The double stranded region, when annealed,
may contain a T-overhang for the purposc of ligating to doublc stranded DNA with an A overhang.

In an embodiment, the adaptor can be a loop of DNA where the terminal rcgions arc
complementary, and where the loop region contains a forward primer tagged region (LFT), a
reverse primer tagged region (LRT), and a cleavage site between the two. LFT refers to the ligation
adaptor Forward tag, and the LRT refers to the ligation adaptor Reverse tag. The complementary
region may end on a T overhang, or other feature that may be used for ligation to the target DNA.
The cleavage site may be a series of uracils for cleavage by UNG, or a sequence that may be
recognized and cleaved by a restriction enzyme or other method of cleavage or just a basic
amplification. These adaptors can be uses for any library preparation, for example, for sequencing.
These adaptors can be used in combination with any of the other methods described herein, for

example the mini-PCR amplification methods.

Internally Tagged Primers

When using sequencing to determine the allele present at a given polymorphic locus, the
sequence read typically begins upstream of the primer binding site (a), and then to the polymorphic
site (X). In order to avoid nonspecific hybridization, the primer binding site (region of target DNA
complementary to ‘a’) is typically 18 to 30 bp in length. Sequence tag ‘b’ is typically about 20 bp;
in theory these can be any length longer than about 15 bp, though many people use the primer
sequences that are sold by the sequencing platform company. The distance ‘d’ between ‘a’ and *X’
may be at least 2 bp so as to avoid allele bias. When performing multiplexed PCR amplification
using the methods disclosed herein or other methods, where careful primer design is necessary to
avoid excessive primer primer interaction, the window of allowable distance ‘d” between ‘a’ and

‘X’ may vary quite a bit: from 2 bp to 10 bp, from 2 bp to 20 bp, from 2 bp to 30 bp, or even from
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2 bp to more than 30 bp. Therefore, when using certain primer configurations, sequence reads must
be a minimum length to obtain reads long enough to measure the polymorphic locus, and
depending on the lengths of ‘a’ and ‘d’ the sequence reads may need to be up to 60 or 75 bp.
Usually, the longer the sequence reads, the higher the cost and time of sequencing a given number
of reads, therefore, minimizing the necessary read length can save both time and money. In
addition, since, on average, bases read earlier on the read are read more accurately than those read
later on the read, decreasing the necessary sequence read length can also increase the accuracy of
the measurements of the polymorphic region.

In an cmbodiment, termed intcrnally tagged primers, the primer binding site (a) is split in
to a plurality of scgments (a’, a””, a’”....), and thc scqucncce tag (b) is on a scgment of DNA that is
in the middle of two of the primer binding sites. This configuration allows the sequencer to make
shorter sequence reads. In an embodiment, a’ + a” should be at least about 18 bp, and can be as
long as 30, 40, 50, 60, 80, 100 or more than 100 bp. In an embodiment, a” should be at least about
6 bp, and in an embodiment is between about 8 and 16 bp. All other factors being equal, using the
internally tagged primers can cut the length of the sequence reads needed by at least 6 bp, as much
as 8 bp, 10 bp, 12 bp, 15 bp, and even by as many as 20 or 30 bp. This can result in a significant

money, time and accuracy advantage.

Primers with ligation adaptor binding region

One issue with fragmented DNA is that since it is short in length, the chance that a
polymorphism is close to the end of a DNA strand is higher than for a long strand. Since PCR
capture of a polymorphism requires a primer binding site of suitable length on both sides of the
polymorphism, a significant number of strands of DNA with the targeted polymorphism will be
missed due to insufficient overlap between the primer and the targeted binding site. In cases where
the binding region is shorter than the 18 bp typically required for hybridization, the region (cr) on
the primer than is complementary to the library tag is able to increase the binding energy to a point
where the PCR can proceed. Note that any specificity that is lost due to a shorter binding region
can be made up for by other PCR primers with suitably long target binding regions. Note that this
embodiment can be used in combination with direct PCR, or any of the other methods described
herein, such as nested PCR, semi nested PCR, hemi nested PCR, one sided nested or semi or hemi

nested PCR, or other PCR protocols.
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When using the sequencing data to determine ploidy in combination with an analytical
method that involves comparing the observed allele data to the expected allele distributions for
various hypotheses, each additional read from alleles with a low depth of read will yield more
information than a read from an allele with a high depth of read. Therefore, ideally, one would
wish to see uniform depth of read (DOR) where each locus will have a similar number of
representative sequence reads. Therefore, it is desirable to minimize the DOR variance. In an
embodiment, it is possible to decrease the coefficient of variance of the DOR (this may be defined
as the standard deviation of the DOR / the average DOR) by increasing the annealing times. In
somc cmbodiments the anncaling tcmperaturcs may be longer than 2 minutes, longer than 4
minutces, longer than ten minutes, longer than 30 minutes, and longer than onc hour, or cven longer.
Since annealing is an equilibrium process, there is no limit to the improvement of DOR variance
with increasing annealing times. In an embodiment, increasing the primer concentration may

decrease the DOR variance.

Diagnostic Box

In an embodiment, the present disclosure comprises a diagnostic box that is capable of
partly or completely carrying out any of the methods described in this disclosure. In an
embodiment, the diagnostic box may be located at a physician’s office, a hospital laboratory, or
any suilable localion reasonably proximal to the point of patient care. The box may be able (o run
the entire method in a wholly automated fashion, or the box may require one or a number of steps
to be completed manually by a technician. In an embodiment, the box may be able to analyze at
least the genotypic data measured on the transplant recipient plasma. In an embodiment, the box
may be linked to means to transmit the genotypic data measured on the diagnostic box to an
external computation facility which may then analyze the genotypic data, and possibly also
generate a report. The diagnostic box may include a robotic unit that is capable of transferring
aqueous or liquid samples from one container to another. It may comprise a number of reagents,

both solid and liquid. It may comprise a high throughput sequencer. It may comprise a computer.
Primer Kit

In some embodiments, a kit may be formulated that comprises a plurality of primers

designed to achieve the methods described in this disclosure. The primers may be outer forward
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and reverse primers, inner forward and reverse primers as disclosed herein, they could be primers
that have been designed to have low binding affinity to other primers in the kit as disclosed in the
section on primer design, they could be hybrid capture probes or pre-circularized probes as
described in the relevant sections, or some combination thereof. In an embodiment, a kit may be
formulated for determining the transplant status of a transplant recipient and designed to be used
with the methods disclosed herein, the kit comprising a plurality of inner forward primers and
optionally the plurality of inner reverse primers, and optionally outer forward primers and outer
reverse primers, where each of the primers is designed to hybridize to the region of DNA
immediatcly upstrcam and/or downstrcam from onc of the polymorphic sitcs on the target
chromosome, and optionally additional chromosomcs. In an embodiment, the primer kit may be

used in combination with the diagnostic box described elsewhere in this document.

Compositions of DNA

When performing an informatics analysis on sequencing data measured on a mixture of
donor and transplant recipient DNA to determine information pertaining to the transplant, for
example the ploidy state of the transplant, it may be advantageous to measure the allele
distributions at a set of alleles. Unfortunately, in many cases, such as when attempting to determine
the state of a transplant from the DNA mixture found in the plasma of a transplant recipient blood
sample, the amount of DNA available is not sufflicient to directly measure the allele distributions
with good fidelity in the mixture. In these cases, amplification of the DNA mixture will provide
sufficient numbers of DNA molecules that the desired allele distributions may be measured with
good fidelity. However, current methods of amplification typically used in the amplification of
DNA for sequencing are often very biased, meaning that they do not amplify both alleles at a
polymorphic locus by the same amount. A biased amplification can result in allele distributions
that are quite different from the allele distributions in the original mixture. For most purposes,
highly accurate measurements of the relative amounts of alleles present at polymorphic loci are
not needed. In contrast, in an embodiment of the present disclosure, amplification or enrichment
methods that specifically enrich polymorphic alleles and preserve allelic ratios is advantageous.

A number of methods are described herein that may be used to preferentially enrich a
sample of DNA at a plurality of loci in a way that minimizes allelic bias. Some examples are using

circularizing probes to target a plurality of loci where the 3” ends and 5” ends of the pre-circularized
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probe are designed to hybridize to bases that are one or a few positions away from the polymorphic
sites of the targeted allele. Another is to use PCR probes where the 3” end PCR probe is designed
to hybridize to bases that are one or a few positions away from the polymorphic sites of the targeted
allele. Another is to use a split and pool approach to create mixtures of DNA where the
preferentially enriched loci are enriched with low allelic bias without the drawbacks of direct
multiplexing. Another is to use a hybrid capture approach where the capture probes are designed
such that the region of the capture probe that is designed to hybridize to the DNA flanking the
polymorphic site of the target is separated from the polymorphic site by one or a small number of
bascs.

In the casc where mcasured allcle distributions at a sct of polymorphic loci arc uscd to
determine the transplant state of a transplant recipient, it is desirable to preserve the relative
amounts of alleles in a sample of DNA as itis prepared for genetic measurements. This preparation
may involve WGA amplification, targeted amplification, selective enrichment techniques, hybrid
capture techniques, circularizing probes or other methods meant to amplify the amount of DNA
and/or selectively enhance the presence of molecules of DNA that correspond to certain alleles.

In some embodiments of the present disclosure, there is a set of DNA probes designed to
target loci where the loci have maximal minor allele frequencies. In some embodiments of the
present disclosure, there is a set of probes that are designed to target where the loci have the
maximum likelihood of the transplant having a highly informative SNP at those loci. In some
embodiments of the present disclosure, there is a set of probes that are designed to target loci where
the probes are optimized for a given population subgroup. In some embodiments of the present
disclosure, there is a set of probes that are designed to target loci where the probes are optimized
for a given mix of population subgroups. In some embodiments of the present disclosure, there is
a set of probes that are designed to target loci where the probes are optimized for a given pair of
parents which are from different population subgroups that have different minor allele frequency
profiles. In some embodiments of the present disclosure, there is a circularized strand of DNA that
comprises at least one base pair that annealed to a piece of DNA that is of transplant origin. In
some embodiments of the present disclosure, there is a circularized strand of DNA that circularized
while at least some of the nucleotides were annealed to DNA that was of transplant origin. In some
embodiments of the present disclosure, there is a set of probes wherein some of the probes target

single tandem repeats, and some of the probes target single nucleotide polymorphisms. In some
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embodiments, the loci are selected for the purpose of non-invasive diagnosis of transplant status.
In some embodiments, the loci are targeted using a method that could include circularizing probes,
MIPs, capture by hybridization probes, probes on a SNP array, or combinations thereof. In some
embodiments, the probes are used as circularizing probes, MIPs, capture by hybridization probes,
probes on a SNP array, or combinations thereof. In some embodiments, the loci are sequenced for
the purpose of determination of transplant status.

In the case where the relative informativeness of a sequence is greater when combined with
relevant genotypic contexts, it follows that maximizing the number of sequence reads that contain
a SNP for which the genotypic context is known may maximize the informativencss of the sct of
scquencing rcads on the mixed sample. In an ecmbodiment, the number of scquence rcads that
contain a SNP for which the genotypic contexts are known may be enhanced by using qPCR to
preferentially amplify specific sequences. In an embodiment, the number of sequence reads that
contain a SNP for which the genotypic contexts are known may be enhanced by using circularizing
probes (for example, MIPs) to preferentially amplify specific sequences. In an embodiment, the
number of sequence reads that contain a SNP for which the genotypic contexts are known may be
enhanced by using a capture by hybridization method (for example SURESELECT) to
preferentially amplify specific sequences. Different methods may be used to enhance the number
of sequence reads that contain a SNP for which the genotypic contexts are known. In an
embodiment, the targeting may be accomplished by extension ligation, ligation without extension,
capture by hybridization, or PCR.

In a sample of fragmented genomic DNA, a fraction of the DNA sequences map uniquely
to individual chromosomes; other DNA sequences may be found on different chromosomes. Note
that DNA found in plasma, is typically fragmented, often at lengths under 500 bp. In a typical
genomic sample, roughly 3.3% of the mappable sequences will map to chromosome 13; 2.2% of
the mappable sequences will map to chromosome 18; 1.35% of the mappable sequences will map
to chromosome 21; 4.5% of the mappable sequences will map to chromosome X in a female;
2.25% of the mappable sequences will map to chromosome X (in a male); and 0.73% of the
mappable sequences will map to chromosome Y (in a male). Also, among short sequences,
approximately 1 in 20 sequences will contain a SNP, using the SNPs contained on dbSNP. The

proportion may well be higher given that there may be many SNPs that have not been discovered.
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In an embodiment of the present disclosure, targeting methods may be used to enhance the
fraction of DNA in a sample of DNA that map to a given chromosome such that the fraction
significantly exceeds the percentages listed above that are typical for genomic samples. In an
embodiment of the present disclosure, targeting methods may be used to enhance the fraction of
DNA in a sample of DNA such that the percentage of sequences that contain a SNP are
significantly greater than what may be found in typical for genomic samples. In an embodiment
of the present disclosure, targeting methods may be used to target DNA from a chromosome or
from a set of SNPs in a mixture of donor-derived and transplant recipient-derive DNA for the
purposcs of dctermination of transplant status.

By making usc of targecting approachcs in scquencing the mixed sample, it may be possible
to achieve a certain level of accuracy with fewer sequence reads. The accuracy may refer to
sensitivity, it may refer to specificity, or it may refer to some combination thereof. The desired
level of accuracy may be between 90% and 95%; it may be between 95% and 98%:; it may be
between 98% and 99%; it may be between 99% and 99.5%; it may be between 99.5% and 99.9%;
it may be between 99.9% and 99.99%:; it may be between 99.99% and 99.999%., it may be between
99.999% and 100%. Levels of accuracy above 95% may be referred to as high accuracy.

In an embodiment, accuracy may be measured by using linear regression on measured
donor fractions as a function of the corresponding attempted spike levels to calculate a linearity, a
slope value, and an intercept value. The linearity may be represented by the R? valued determined
from the linear regression analysis. In some embodiments, the linearity is from about 0.9 to 1.0; it
may be from about 0.95 to 1.0; it may be from about 0.98 to 1.0; it may be from about 0.99 to 1.0;
it may be from about 0.999 to 1.0; it may be 0.999. The slope value may be from 0.5 to 5.0, it may
be from 0.5 to 2.5; it may be from 0.5 to 2.0; it may 0.5 to 1.5; it may from 0.75 to 1.25; it may be
from 0.9 to 1.2. The intercept value may be from about -0.01 to about 0.1; it may be from about -
0.001 to about 0.1; it may be from about -0.0001 to about 0.1; it may be from about -0.0001 to
about 0.01; it may be from about -0.0001 to about 0.001; it may be from about -0.0001 to about
0.0001; it may be O.

In an embodiment, accuracy may refer to precision as determined by calculating a
coefficient of variation (CV) and a confidence interval of 95% for the determination of the targeted
donor fraction. Estimation of precision by calculating a CV may also be referred to as a

measurement of reproducibility. The CV value may be represented with a confidence interval. The
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confidence interval for the CV may be 99%; it may be 95%; it may be 90%. The CV may be less
than 10%; it may be less than 9%; it may be less than 8%; it may be less than 7%; it may be less
than 6%; it may be less than 5%; it may be less than 4%; it may be less than 3%; it may be less
than 2%; it may be less than 1%. The CV may be different depending on the targeted donor
fraction. For a 0.6% targeted donor fraction, the CV may be 1.85% with a confidence interval of
95%. For a 2.4% targeted donor fraction, the CV may be 1.22% with a confidence interval of 95%.
The CV may be different depending on amount of DNA in the sample. For example, for 15 ng
DNA, the CV may be 3.1% with a 95% confidence interval; for 30 ng DNA, the CV may be 3.07%
with a 95% confidence interval; for 45 ng DNA, the CV may be 1.99% with a 95% confidence
intcrval.

In an embodiment of the present disclosure, an accurate transplant status determination
may be made by using targeted sequencing, using any method of targeting, for example qPCR,
ligand mediated PCR, other PCR methods, capture by hybridization, or circularizing probes,
wherein the number of loci along a chromosome that need to be targeted may be between 5,000
and 2,000 loci; it may be between 2,000 and 1,000 loci; it may be between 1,000 and 500 loci; it
may be between 500 and 300 loci; it may be between 300 and 200 loci; it may be between 200 and
150 loci; it may be between 150 and 100 loci; it may be between 100 and 50 loci; it may be between
50 and 20 loci; it may be between 20 and 10 loci. Optimally, it may be between 100 and 500 loci.
The high level of accuracy may be achieved by targeting a small number of loci and executing an
unexpectedly small number of sequence reads. The number of reads may be between 100 million
and 50 million reads; the number of reads may be between 50 million and 20 million reads; the
number of reads may be between 20 million and 10 million reads; the number of reads may be
between 10 million and 5 million reads; the number of reads may be between 5 million and 2
million reads; the number of reads may be between 2 million and 1 million; the number of reads
may be between 1 million and 500,000; the number of reads may be between 500,000 and 200,000;
the number of reads may be between 200,000 and 100,000; the number of reads may be between
100,000 and 50,000; the number of reads may be between 50,000 and 20,000; the number of reads
may be between 20,000 and 10,000; the number of reads may be below 10,000. Fewer number of
read are necessary for larger amounts of input DNA.

In some embodiments, a composition is described comprising a mixture of DNA of donor

origin, and DNA of recipient origin, wherein the percent of sequences that uniquely map to a
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chromosome, and that contains at least one single nucleotide polymorphism is greater than 0.2%,
greater than 0.3%, greater than 0.4%, greater than 0.5%, greater than 0.6%, greater than 0.7%,
greater than 0.8%, greater than 0.9%, greater than 1%, greater than 1.2%, greater than 1.4%, greater
than 1.6%, greater than 1.8%, greater than 2%, greater than 2.5%, greater than 3%, greater than
4%, greater than 5%, greater than 6%, greater than 7%, greater than 8%, greater than 9%, greater
than 10%, greater than 12%, greater than 15%, or greater than 20%, and where the chromosome is
taken from the group 13, 18, 21, X, or Y. In some embodiments of the present disclosure, there is
a composition comprising a mixture of DNA of donor origin, and DNA of recipient origin, wherein
the percent of sequences that uniquely map to a chromosome and that contain at lcast onc single
nuclcotide polymorphism from a sct of singlc nuclcotide polymorphisms is grcater than 0.15%,
greater than 0.2%, greater than 0.3%, greater than 0.4%, greater than 0.5%, greater than 0.6%,
greater than 0.7%, greater than 0.8%, greater than 0.9%, greater than 1%, greater than 1.2%, greater
than 1.4%, greater than 1.6%, greater than 1.8%, greater than 2%, greater than 2.5%, greater than
3%, greater than 4%, greater than 5%, greater than 6%, greater than 7%, greater than 8%, greater
than 9%, greater than 10%, greater than 12%, greater than 15%, or greater than 20%, where the
chromosome is taken from the set of chromosome 13, 18, 21, X and Y, and where the number of
single nucleotide polymorphisms in the set of single nucleotide polymorphisms is between 1 and
10, between 10 and 20, between 20 and 50, between 50 and 100, between 100 and 200, between
200 and 500, between 500 and 1,000, between 1,000 and 2,000, between 2,000 and 5,000, between
5,000 and 10,000, between 10,000 and 20,000, between 20,000 and 50,000, and between 50,000
and 100,000.

In theory, each cycle in the amplification doubles the amount of DNA present; however,
in reality, the degree of amplification is slightly lower than two. In theory, amplification, including
targeted amplification, will result in bias free amplification of a DNA mixture; in reality, however,
different alleles tend to be amplified to a different extent than other alleles. When DNA is
amplified, the degree of allelic bias typically increases with the number of amplification steps. In
some embodiments, the methods described herein involve amplifying DNA with a low level of
allelic bias. Since the allelic bias compounds with each additional cycle, one can determine the per
cycle allelic bias by calculating the nth root of the overall bias where n is the base 2 logarithm of
degree of enrichment. In some embodiments, there is a composition comprising a second mixture

of DNA, where the second mixture of DNA has been preferentially enriched at a plurality of

92



10

15

20

25

30

WO 2020/010255 PCT/US2019/040603

polymorphic loci from a first mixture of DNA where the degree of enrichment is at least 10, at
least 100, at least 1,000, at least 10,000, at least 100,000 or at least 1,000,000, and where the ratio
of the alleles in the second mixture of DNA at each locus differs from the ratio of the alleles at that
locus in the first mixture of DNA by a factor that is, on average, less than 1,000%, 500%, 200%,
100%., 50%, 20%, 10%, 5%, 2%, 1%, 0.5%, 0.2%, 0.1%, 0.05%, 0.02%., or 0.01%. In some
embodiments, there is a composition comprising a second mixture of DNA, where the second
mixture of DNA has been preferentially enriched at a plurality of polymorphic loci from a first
mixture of DNA where the per cycle allelic bias for the plurality of polymorphic loci is, on average,
Iess than 10%, 5%, 2%, 1%, 0.5%, 0.2%, 0.1%, 0.05%, or 0.02%. In somc cmbodimcnts, the
plurality of polymorphic loci compriscs at lcast 10 loci, at Icast 20 loci, at least 50 loci, at lcast 100
loci, at least 200 loci, at least 500 loci, at least 1,000 loci, at least 2,000 loci, at least 5,000 loci, at
least 10,000 loci, at least 20,000 loci, or at least 50,000 loci.

Maximum Likelihood Estimates

Most methods known in the art for detecting the presence or absence of biological
phenomenon or medical condition involve the use of a single hypothesis rejection test, where a
metric that is correlated with the condition is measured, and if the metric is on one side of a given
threshold, the condition is present, while of the metric falls on the other side of the threshold, the
condilion is absent. A single-hypothesis rejection test only looks at the null distribution when
deciding between the null and alternate hypotheses. Without taking into account the alternate
distribution, one cannot estimate the likelihood of each hypothesis given the observed data and
therefore cannot calculate a confidence on the call. Hence with a single-hypothesis rejection test,
one gets a yes or no answer without a feeling for the confidence associated with the specific case.

In some embodiments, the method disclosed herein is able to detect the presence or absence
of biological phenomenon or medical condition using a maximum likelihood method. This is a
substantial improvement over a method using a single hypothesis rejection technique as the
threshold for calling absence or presence of the condition can be adjusted as appropriate for each
case.

The maximum likelihood estimation method uses the distributions associated with each
hypothesis to estimate the likelihood of the data conditioned on each hypothesis. These conditional

probabilities can then be converted to a hypothesis call and confidence. Similarly, maximum a
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posteriori estimation method uses the same conditional probabilities as the maximum likelihood
estimate, but also incorporates population priors when choosing the best hypothesis and
determining confidence.

Therefore, the use of a maximum likelihood estimate (MLE) technique, or the closely
related maximum a posteriori (MAP) technique give two advantages, first it increases the chance
of a correct call, and it also allows a confidence to be calculated for each call. In an embodiment,
selecting the ploidy state corresponding to the hypothesis with the greatest probability is carried
out using maximum likelihood estimates or maximum a posteriori estimates. In an embodiment, a
method is disclosed for dctermining the transplant status in a transplant recipicnt that involves
taking any mcthod currcntly known in the art that uscs a singlc hypothesis rcjection technique and
reformulating it such that it uses a MLE or MAP technique. Some examples of methods that can
be significantly improved by applying these techniques can be found in US Pat 8,008,018, US
Patent 7,888,017, or US Patent 7,332,277.

In an embodiment, a method is described for determining presence or absence of fetal
aneuploidy in a transplant recipient plasma sample comprising fetal and maternal genomic DNA,
the method comprising: obtaining a transplant recipient plasma sample; measuring the DNA
fragments found in the plasma sample with a high throughput sequencer; calculating the fraction
of donor-derived DNA in the plasma sample; and using a MLE or MAP determine which of the
distributions is most likely to be correct, thereby indicating the presence or absence of a transplant
undergoing acute rejection, borderline rejection, other injury or stability. In an embodiment, the
measuring the DNA from the plasma may involve conducting massively parallel shotgun
sequencing. In an embodiment, the measuring the DNA from the plasma sample may involve
sequencing DNA that has been preferentially enriched, for example through targeted amplification,
at a plurality of polymorphic or non-polymorphic loci. The purpose of the preferential enrichment
is to increase the number of sequence reads that are informative for the transplant status

determination.

Transplant Status Calling Informatics Methods
Described herein is a method for determining the state of a transplant given sequence data.
In some embodiments, this sequence data may be measured on a high throughput sequencer. In

some embodiments, the sequence data may be measured on DNA that originated from free floating
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DNA isolated from recipient blood, wherein the free floating DNA comprises some DNA of
transplant recipient origin, and some DNA of transplant donor origin. This section will describe
one embodiment of the present disclosure in which the state of the transplant is determined
assuming that fraction of donor-derived DNA in the mixture that has been analyzed is not known
and will be estimated from the data. It will also describe an embodiment in which the fraction of
donor-derived DNA (“donor fraction”) or the percentage of donor-derived DNA in the mixture
can be measured by another method. In some embodiments the donor fraction can be calculated
using only the genotyping measurements made on the blood sample itself, which is a mixture of
donor and transplant rccipicnt DNA. In somc cmbodiments the fraction may be calculated also
using the mcasurcd or otherwisc known genotype of the transplant recipient and/or the measurcd
or otherwise known genotype of the transplant donor. In another embodiment, the state of the
transplant can be determined solely based on the calculated fraction of donor-derived DNA.

Informatics methods useful and relevant to the methods disclosed herein can be found in
U.S. Patent Publication No. 20180025109, incorporated by reference herein, wherein the
informatics methods are disclosed in the context of determination of genetic state of a fetus via
non-invasive prenatal testing.

For example, in an embodiment, the informatics method may incorporate random bias. As
is often the case, suppose that there is a bias in the measurements, so that the probability of getting
an A on this SNP is equal (o ¢, which is a bit different than p as deflined above. How much difflerent
p is from q depends on the accuracy of the measurement process and number of other factors and
can be quantified by standard deviations of q away from p. In an embodiment, it is possible to
model q as having a beta distribution, with parameters «, f depending on the mean of that
distribution being centered at p, and some specified standard deviation s. In particular, this gives
X|q~Bin(q, D;), where q~Beta(a, ). If we let E(q) = p,V(q) = s2, and parameters a, § can
be derived as & = pN, f = (1 — p)N, where N = 252 — 1,

In some embodiments, the method may be written to specifically take into account
additional noise, differential sample quality, differential SNP quality, and random sampling bias.

In some embodiments, the method involves several steps that each introduce different kind of noise

and/or bias to the final model:
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(1) Suppose the first sample that comprises a mixture of maternal and fetal DNA contains an
original amount of DNA of size=Ng molecules, usually in the range 1,000-40,000, where p = true
Yorefs

(2) In the amplification using the universal ligation adaptors, assume that N1 molecules are
sampled; usually N1 ~ No/2 molecules and random sampling bias is introduced due to sampling.
The amplified sample may contain a number of molecules N2z where N2 >> Nj. Let X represent
the amount of reference loci (on per SNP basis) out of N1 sampled molecules, with a variation in
p1= X1/N1 that introduces random sampling bias throughout the rest of protocol. This sampling
bias is included in the model by using a Beta-Binomial (BB) distribution instcad of using a simplc
Binomial distribution modcl. Paramcter N of the Beta-Binomial distribution may be estimated later
on per sample basis from training data after adjusting for leakage and amplification bias, on SNPs
with O<p<]1. Leakage is the tendency for a SNP to be read incorrectly.

(3) The amplification step will amplify any allelic bias, thus amplification bias introduced due
to possible uneven amplification. Suppose that one allele at a locus is amplified f times another
allele at that locus is amplified g times, where f=ge®, where b=0 indicates no bias. The bias
parameter, b, is centered at 0, and indicates how much more or less the A allele get amplified as
opposed to the B allele on a particular SNP. The parameter b may differ from SNP to SNP. Bias
parameter b may be estimated on per SNP basis, for example from training data.

(4) The sequencing step involves sequencing a sample ol amplified molecules. In this step
there may be leakage, where leakage is the situation where a SNP is read incorrectly. Leakage
may result from any number of problems, and may result in a SNP being read not as the correct
allele A, but as another allele B found at that locus or as an allele C or D not typically found at that
locus. Suppose the sequencing measures the sequence data of a number of DNA molecules from
an amplified sample of size N3, where N3 < N2. In some embodiments, N3 may be in the range of
20,000 to 100,000; 100,000 to 500,000; 500,000 to 4,000,000; 4,000,000 to 20,000,000; or
20,000,000 to 100,000,000. Each molecule sampled has a probability p, of being read correctly,
in which case it will show up correctly as allele A. The sample will be incorrectly read as an allele
unrelated to the original molecule with probability 1-pg, and will look like allele A with probability
pr. allele B with probabililty pm or allele C or allele D with probability p,, where pr+pm+po=1.

Parameters pg, pr, pm, Po are estimated on per SNP basis from the training data.
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Different protocols may involve similar steps with variations in the molecular biology steps
resulting in different amounts of random sampling, different levels of amplification and different
leakage bias. The following model may be equally well applied to each of these cases. The model
for the amount of DNA sampled, on per SNP basis, is given by:

Xs~BetaBinomial(L(F(p,b),pr,ps), N*H(p,b))
where p = the true amount of reference DNA, b = per SNP bias, and as described above, pg is the
probability of a correct read, p: is the probability of read being read incorrectly but serendipitously
looking like the correct allele, in case of a bad read, as described above, and:
F(p.b)= pc"/(pc*+(1-p)). H(p.b) = (c"p+(1-p))*/c”, L(p.pr.pe)=p*pe+p-*(1-py).

In somc embodiments, the method uses a Beta-Binomial distribution instcad of a simple
binomial distribution; this takes care of the random sampling bias. Parameter N of the Beta-
Binomial distribution is estimated on per sample basis on an as needed basis. Using bias correction
F(p.b), H(p,b), instead of just p, takes care of the amplification bias. Parameter b of the bias is
estimated on per SNP basis from training data ahead of time.

In some embodiments the method uses leakage correction L{p,pr,pe), instead of just p; this
takes care of the leakage bias, i.e. varying SNP and sample quality. In some embodiments,
parameters pg, pr, Po are estimated on per SNP basis from the training data ahead of time. In some
embodiments, the parameters pg, pr, po may be updated with the current sample on the go, to
account for varying sample quality.

The model described herein is quite general and can account for both differential sample
quality and differential SNP quality. Different samples and SNPs are treated differently, as
exemplified by the fact that some embodiments use Beta-Binomial distributions whose mean and

variance are a function of the original amount of DNA, as well as sample and SNP quality.

Platform modeling

An observation at a SNP consists of the number of mapped reads with each allele present,
n, and np, which sum to the depth of read d. Assume that thresholds have already been applied to
the mapping probabilities and phred scores such that the mappings and allele observations can be
considered correct. A phred score is a numerical measure that relates to the probability that a
particular measurement at a particular base is wrong. In an embodiment, where the base has been

measured by sequencing, the phred score may be calculated from the ratio of the dye intensity
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corresponding to the called base to the dye intensity of the other bases. The simplest model for the
observation likelihood is a binomial distribution which assumes that each of the d reads is drawn

independently from a large pool that has allele ratio r. Equation 2 describes this model.

ng +np

n Jria(l =)t ()

P(na,nplr) = poino(Na; Na + Np, 1) =

The binomial model can be extended in a number of ways. When the donor and recipient
genotypes are either all A or all B, the expected allele ratio in plasma will be O or 1, and the
binomial probability will not be well-defined. In practice, unexpected alleles are sometimes
observed in practice. In an embodiment, it is possible to use a corrected allele ratio #* = 1/(na + np)
to allow a small number of the unexpected allele. In an embodiment, it is possible to use training
data to modcl the rate of the uncxpected allele appearing on cach SNP, and usec this modecl to
correct the expected allele ratio. When the expected allele ratio is not O or 1, the observed allele
ratio may not converge with a sufficiently high depth of read to the expected allele ratio due to
amplification bias or other phenomena. The allele ratio can then be modeled as a beta distribution
centered at the expected allele ratio, leading to a beta-binomial distribution for P(n., nplr) which
has higher variance than the binomial.

The platform model for the response at a single SNP will be defined as F(a, b, gc, gm, )
(3), or the probability of observing n. = a and n, = b given the maternal and fetal genotypes, which
also depends on the fetal fraction through equation 1. The functional form of F may be a binomial
distribution, beta-binomial distribution, or similar functions as discussed above.

F('d, b, gC, grn, f) = P(na =4, nNp = bIgC, gm, f) = P(na =4a,nNp = blr(gC, gm, f)) (3)

In an embodiment, a method of the present disclosure is used to determine the transplant
status of the plant recipient involves taking into account the fraction of donor DNA in the sample.
In another embodiment of the present disclosure, the method involves the use of maximum
likelihood estimations. In an embodiment, a method of the present disclosure involves calculating
the percent of DNA in a sample that is donor-derived. In an embodiment, the threshold for calling
acute rejection of a transplant is adaptively adjusted based on the calculated percent donor-derived

DNA.
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In an embodiment of the present disclosure, the fraction of donor-derived DNA, or the
percentage of donor DNA in the mixture can be measured. In some embodiments the fraction can
be calculated using only the genotyping measurements made on the transplant recipient plasma
sample itself, which is a mixture of donor-derived and transplant recipient DNA. In some
embodiments the fraction may be calculated also using the measured or otherwise known genotype
of the transplant recipient and/or the measured or otherwise known genotype of the transplant
donor. In some embodiments the percent donor DNA may be calculated using the measurements
made on the mixture of donor-derived and transplant recipient DNA along with the knowledge of
the genotypic contexts. In an cmbodiment, the fraction of donor DNA may be calculated using
population frequencics to adjust the modcl on the probability on particular allclc mcasurcments.

In an embodiment of the present disclosure, a confidence may be calculated on the accuracy
of the determination of transplant status. In an embodiment, the confidence of the hypothesis of
greatest likelihood (Hmajor) may be calculated as (1- Hmajor) / Z(all H). It is possible to determine
the confidence of a hypothesis if the distributions of all of the hypotheses are known. It is possible
to determine the distribution of all of the hypotheses if the donor and recipient genotype
information is known. In an embodiment one may use the knowledge of the distribution of a test
statistic around a normal hypothesis and around an abnormal hypothesis to determine both the
reliability of the call as well as refine the threshold to make a more reliable call. This is particularly
uselul when the amount and/or percent of donor DNA in the mixture is low.

Further Discussion of the Method

In an embodiment, a method disclosed herein utilizes a quantitative measure of the number
of independent observations of each allele at a polymorphic locus, where this does not involve
calculating the ratio of the alleles. This is different from methods, such as some microarray based
methods, which provide information about the ratio of two alleles at a locus but do not quantify
the number of independent observations of either allele. Some methods known in the art can
provide quantitative information regarding the number of independent observations, but the
calculations leading to the ploidy determination utilize only the allele ratios, and do not utilize the
quantitative information. To illustrate the importance of retaining information about the number
of independent observations consider the sample locus with two alleles, A and B. In a first
experiment twenty A alleles and twenty B alleles are observed, in a second experiment 200 A

alleles and 200 B alleles are observed. In both experiments the ratio (A/(A+B)) is equal to 0.5,
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however the second experiment conveys more information than the first about the certainty of the
frequency of the A or B allele. The instant method, rather than utilizing the allele ratios, uses the
quantitative data to more accurately model the most likely allele frequencies at each polymorphic
locus.

In an embodiment, a reference chromosome is used to determine the donor fraction and
noise level amount or probability distribution. The instant method works without the reference
chromosome, as well as without fixing the particular donor fraction or noise level.

Measurements of DNA are noisy and/or error prone, especially measurements where the
amount of DNA is small, or where the DNA is mixed with contaminating DNA. This noisc results
in less accuratc genotypic data, and lcss accurate transplant status dctermination. In some
embodiments, platform modeling or some other method of noise modeling may be used to counter
the deleterious effects of noise on the transplant status determination. The instant method uses a
joint model of both channels, which accounts for the random noise due to the amount of input
DNA, DNA quality, and/or protocol quality.

In particular, errors in the measurements typically do not specifically depend on the
measured channel intensity ratio, which reduces the model to using one-dimensional information.
Accurate modeling of noise, channel quality and channel interaction requires a two-dimensional
joint model, which can nof be modeled using allele ratios.

In particular, projecting (wo channel information to the ratio r where [(x,y) is r = x/y, does
not lend itself to accurate channel noise and bias modeling. Noise on a particular SNP is not a
function of the ratio, i.e. noise(x,y) 7 f(x,y) but is in fact a joint function of both channels. For
example, in the binomial model, noise of the measured ratio has a variance of r(1-r)/(x+y) which
is not a function purely of r. In such a model, where any channel bias or noise is included, suppose
that on SNP i, the observed channel X value is x=a;X+b;, where X is the true channel value, b; is
the extra channel bias and random noise. Similarly, suppose that y=c;Y+d;. The observed ratio
r=x/y cannot accurately predict the true ratio X/Y or model the leftover noise, since
(aiX+bi)/(ciY+di) is not a function of X/Y.

The method disclosed herein describes an effective way to model noise and bias using joint
binomial distributions of all of the measurement channels individually. Relevant equations may be
found elsewhere in the document in sections which speaks of per SNP consistent bias, P(good)

and P(reflbad), P(mutlbad) which effectively adjust SNP behavior. In an embodiment, a method of
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the present disclosure uses a BetaBinomial distribution, which avoids the limiting practice of
relying on the allele ratios only, but instead models the behavior based on both channel counts.

In an embodiment, a method disclosed herein can call the transplant status of a transplant
recipient from genetic data found in transplant recipient plasma by using all available
measurements. Some methods known in the art only use measured genetic data where the
genotypic context is from the AAIBB context, that is, where the donor and recipient are both
homozygous at a given locus, but for a different allele. One problem with this method is that a
small proportion of polymorphic loci are from the AAIBB context, typically less than 10%. In an
cmbodiment of a method disclosed herein, the method docs not usc genctic mecasurcments of the
transplant recipicnt plasma madc at loci where the genotypic context is AAIBB. In an cmbodiment,
the instant method uses plasma measurements for only those polymorphic loci with the AAIAB,

ABIAA, and ABIAB genotypic context.

Variable Read Depth to Minimize Sequencing Cost

In many clinical trials concerning a diagnostic, for example, in Chiu et al. BMJ
2011;342:c7401, a protocol with a number of parameters is set, and then the same protocol is
executed with the same parameters for each of the patients in the trial. In the case of determining
the transplant status in a transplant recipient using sequencing as a method to measure genetic
malterial one pertinent paramelter is the number of reads. The number of reads may refler (o the
number of actual reads, the number of intended reads, fractional lanes, full lanes, or full flow cells
on a sequencer. In these studies, the number of reads is typically set at a level that will ensure that
all or nearly all of the samples achieve the desired level of accuracy. Sequencing is currently an
expensive technology, a cost of roughly $200 per 5 mappable million reads, and while the price is
dropping, any method which allows a sequencing based diagnostic to operate at a similar level of
accuracy but with fewer reads will necessarily save a considerable amount of money.

The accuracy of a transplant status determination is typically dependent on a number of
factors, including the number of reads and the fraction of donor-derived DNA in the mixture. The
accuracy is typically higher when the fraction of donor-derived DNA in the mixture is higher. At
the same time, the accuracy is typically higher if the number of reads is greater. It is possible to
have a situation with two cases where the transplant state is determined with comparable accuracies

wherein the first case has a lower fraction of donor-derived DNA 1in the mixture than the second,
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and more reads were sequenced in the first case than the second. It is possible to use the estimated
fraction of donor DNA in the mixture as a guide in determining the number of reads necessary to
achieve a given level of accuracy.

In an embodiment of the present disclosure, a set of samples can be run where different
samples in the set are sequenced to different reads depths, wherein the number of reads run on
each of the samples is chosen to achieve a given level of accuracy given the calculated fraction of
donor DNA in each mixture. In an embodiment of the present disclosure, this may entail making
a measurement of the mixed sample to determine the fraction of donor DNA in the mixture; this
cstimation of the donor fraction may bc done with scquencing, it may be done with TAQMAN, it
may be done with qPCR, it may bc donc with SNP arrays, it may bc donc with any mcthod that
can distinguish different alleles at a given loci. The need for a donor fraction estimate may be
eliminated by including hypotheses that cover all or a selected set of donor fractions in the set of
hypotheses that are considered when comparing to the actual measured data. After the fraction of
donor DNA in the mixture has been determined, the number of sequences to be read for each

sample may be determined.

Using Raw Genotyping Dalta

There are a number of methods that can accomplish the methods disclosed herein using
donor genetic information measured on donor-derived DNA found in transplant recipient blood.
Some of these methods involve making measurements of the fetal DNA using SNP arrays, some
methods involve untargeted sequencing, and some methods involve targeted sequencing. The
targeted sequencing may target SNPs, it may target STRs, it may target other polymorphic loci, it
may target non-polymorphic loci, or some combination thereof. Some of these methods may
involve using a commercial or proprietary allele caller that calls the identity of the alleles from the
intensity data that comes from the sensors in the machine doing the measuring. For example, the
ILLUMINA INFINIUM system or the AFFYMETRIX GENECHIP microarray system involves
beads or microchips with attached DNA sequences that can hybridize to complementary segments
of DNA; upon hybridization, there is a change in the fluorescent properties of the sensor molecule
that can be detected. There are also sequencing methods, for example the ILLUMINA SOLEXA
GENOME SEQUENCER or the ABI SOLID GENOME SEQUENCER, wherein the genetic

sequence of fragments of DNA are sequenced; upon extension of the strand of DNA
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complementary to the strand being sequenced, the identity of the extended nucleotide is typically
detected via a fluorescent or radio tag appended to the complementary nucleotide. In all of these
methods the genotypic or sequencing data is typically determined on the basis of fluorescent or
other signals, or the lack thereof. These systems are typically combined with low level software
packages that make specific allele calls (secondary genetic data) from the analog output of the
fluorescent or other detection device (primary genetic data). For example, in the case of a given
allele on a SNP array, the software will make a call, for example, that a certain SNP is present or
not present if the fluorescent intensity is measure above or below a certain threshold. Similarly,
the output of a scquencer is a chromatogram that indicatcs the Ievel of fluorcscence detected for
cach of the dyes, and the softwarc will make a call that a certain basc pair is A or T or C or G.
High throughput sequencers typically make a series of such measurements, called a read, that
represents the most likely structure of the DNA sequence that was sequenced. The direct analog
output of the chromatogram is defined here to be the primary genetic data, and the base pair / SNP
calls made by the software are considered here to be the secondary genetic data. In an embodiment,
primary data refers to the raw intensity data that is the unprocessed output of a genotyping
platform, where the genotyping platform may refer to a SNP array, or to a sequencing platform.
The secondary genetic data refers to the processed genetic data, where an allele call has been made,
or the sequence data has been assigned base pairs, and/or the sequence reads have been mapped to
the genome.

Many higher level applications take advantage of these allele calls, SNP calls and sequence
reads, that is, the secondary genetic data, that the genotyping software produces. For example,
DNA NEXUS, ELAND or MAQ will take the sequencing reads and map them to the genome. In
the context of non-invasive determination of transplant status it may be possible to take a set of
sequence reads that have been measured on DNA present in transplant recipient plasma, and map
them to the genome. One may then take a normalized count of the reads that are mapped to each
chromosome, or section of a chromosome, and use that data to determine the transplant state of a
transplant recipient.

However, in reality, the initial output of the measuring instruments is an analog signal.
When a certain base pair is called by the software that is associated with the sequencing software,
for example the software may call the base pair a T, in reality the call is the call that the software

believes to be most likely. In some cases, however, the call may be of low confidence, for example,
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the analog signal may indicate that the particular base pair is only 90% likely to be a T, and 10%
likely to be an A. In another example, the genotype calling software that is associated with a SNP
array reader may call a certain allele to be G. However, in reality, the underlying analog signal
may indicate that it is only 70% likely that the allele is G, and 30% likely that the allele is T. In
these cases, when the higher level applications use the genotype calls and sequence calls made by
the lower level software, they are losing some information. That is, the primary genetic data, as
measured directly by the genotyping platform, may be messier than the secondary genetic data that
is determined by the attached software packages, but it contains more information. In mapping
the sccondary genctic data scquences to the genome, many rcads arc thrown out because some
bascs arc not rcad with cnough clarity and or mapping is not clcar. When the primary genctic data
sequence reads are used, all or many of those reads that may have been thrown out when first
converted to secondary genetic data sequence read can be used by treating the reads in a
probabilistic manner.

In an embodiment of the present disclosure, the higher level software does not rely on the
allele calls, SNP calls, or sequence reads that are determined by the lower level software. Instead,
the higher level software bases its calculations on the analog signals directly measured from the
genotyping platform. In an embodiment of the present disclosure, all genetic calls, SNPs calls,
sequence reads, sequence mapping is treated in a probabilistic manner by using the raw intensity
data as measured directly by the genotyping platform, rather than converting the primary genelic
data to secondary genetic calls. In an embodiment, the DNA measurements from the prepared
sample used in calculating allele count probabilities and determining the relative probability of
each hypothesis comprise primary genetic data.

In some embodiments, the method can increase the accuracy of genetic data of a target
individual which incorporates genetic data of at least one related individual, the method
comprising obtaining primary genetic data specific to a target individual’s genome and genetic
data specific to the genome(s) of the related individual(s), creating a set of one or more hypotheses
concerning possibly which segments of which chromosomes from the related individual(s)
correspond to those segments in the target individual’s genome, determining the probability of
each of the hypotheses given the target individual’s primary genetic data and the related
individual(s)’s genetic data, and using the probabilities associated with each hypothesis to

determine the most likely state of the actual genetic material of the target individual. In an
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embodiment, a method of the present disclosure can determine an allelic state in a set of alleles, in
a target individual, and from one or both parents of the target individual, and optionally from one
or more related individuals, the method comprising obtaining primary genetic data from the target
individual, and from the one or both parents, and from any related individuals, creating a set of at
least one allelic hypothesis for the target individual, and for the one or both parents, and optionally
for the one or more related individuals, where the hypotheses describe possible allelic states in the
set of alleles, determining a statistical probability for each allelic hypothesis in the set of
hypotheses given the obtained genetic data, and determining the allelic state for each of the alleles
in the sct of alleles for the target individual, and for the onc or both parcnts, and optionally for the
onc or morc rclated individuals, bascd on the statistical probabilitics of cach of the allelic
hypotheses.

In some embodiments, the genetic data of the mixed sample may comprise sequence data
wherein the sequence data may not uniquely map to the human genome. In some embodiments,
the genetic data of the mixed sample may comprise sequence data wherein the sequence data maps
to a plurality of locations in the genome, wherein each possible mapping is associated with a
probability that the given mapping is correct. In some embodiments, the sequence reads are not
assumed to be associated with a particular position in the genome. In some embodiments, the
sequence reads are associated with a plurality of positions in the genome, and an associated

probability belonging to that position.

Combining Methods of Transplant Status Determination

Disclosed herein is a method for making more accurate predictions about the genetic state
of a transplant, that comprises combining predictions of transplant state with other known methods
to make such a determination. For example, serum creatinine levels have previously been used to
try to determine the status of a kidney transplant. See FIG. 7.

There are many ways to combine the predictions, for example, one could convert the
hormone measurements into a multiple of the median (MoM) and then into likelihood ratios (LR).
Similarly, other measurements could be transformed into LRs using the mixture model of NT
distributions. Detection rates (DRs) and false-positive rates (FPRs) could be calculated by taking

the proportions with risks above a given risk threshold.
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In an embodiment, it is possible to evoke central limit theorem to assume distribution on
g(yla or e) is Gaussian, and measure mean and standard deviation by looking at multiple samples.
In another embodiment, one could assume they are not independent given the outcome and collect
enough samples to estimate the joint distribution p(x1, X2, X3, X4la or €).

In an embodiment, the transplant status is determined to be the transplant status that is
associated with the hypothesis whose probability is the greatest. In some cases, one hypothesis
will have a normalized, combined probability greater than 90%. Each hypothesis is associated with
one, or a set of, transplant statuses, and the transplant associated with the hypothesis whose
normalized, combined probability is greater than 90%, or some other threshold value, such as 50%,
80%, 95%, 98%, 99%. or 99.9%, may bc choscn as the threshold required for a hypothesis to be

called as the determined transplant status.

Determining the number of DNA molecules in a sample.

A method is described herein to determine the number of DNA molecules in a sample by
generating a uniquely identified molecule for each original DNA molecules in the sample during
the first round of DNA amplification. Described here is a procedure to accomplish the above end
followed by a single molecule or clonal sequencing method.

The approach entails targeting one or more specific loci and generating a tagged copy of
the original molecules such manner that most or all of the tagged molecules [rom each largeted
locus will have a unique tag and can be distinguished from one another upon sequencing of this
barcode using clonal or single molecule sequencing. Each unique sequenced barcode represents a
unique molecule in the original sample. Simultaneously, sequencing data is used to ascertain the
locus from which the molecule originates. Using this information one can determine the number
of unique molecules in the original sample for each locus.

This method can be used for any application in which quantitative evaluation of the number
of molecules in an original sample is required. Furthermore, the number of unique molecules of
one or more targets can be related to the number of unique molecules to one or more other targets
to determine the relative copy number, allele distribution, or allele ratio. Alternatively, the number
of copies detected from various targets can be modeled by a distribution in order to identify the
mostly likely number of copies of the original targets. Applications include but are not limited to

detection of insertions and deletions such as those found in carriers of Duchenne Muscular
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Dystrophy; quantitation of deletions or duplications segments of chromosomes such as those
observed in copy number variants; chromosome copy number of samples from born individuals;
chromosome copy number of samples from unborn individuals such as embryos or fetuses.

The method can be combined with simultaneous evaluation of variations contained in the
targeted by sequence. This can be used to determine the number of molecules representing each
allele in the original sample.

In an embodiment, the method as it pertains to a single target locus may comprise one or
more of the following steps: (1) Designing a standard pair of oligomers for PCR amplification of
a specific locus. (2) Adding, during synthesis, a scquence of specificd bases with no or minimal
complementarity to the target locus or gecnome to the 5° end of the onc of the target specific
oligomer. This sequence, termed the tail, is a known sequence, to be used for subsequent
amplification, followed by a sequence of random nucleotides. These random nucleotides comprise
the random region. The random region comprises a randomly generated sequence of nucleic acids
that probabilistically differ between each probe molecule. Consequently, following synthesis, the
tailed oligomer pool will consists of a collection of oligomers beginning with a known sequence
followed by unknown sequence that differs between molecules, followed by the target specific
sequence. (3) Performing one round of amplification (denaturation, annealing, extension) using
only the tailed oligomer. (4) adding exonuclease to the reaction, effectively stopping the PCR
reaction, and incubating the reaction at the appropriate temperature (o remove [orward single
stranded oligos that did not anneal to temple and extend to form a double stranded product. (5)
Incubating the reaction at a high temperature to denature the exonuclease and eliminate its activity.
(6) Adding to the reaction a new oligonucleotide that is complementary to tail of the oligomer used
in the first reaction along with the other target specific oligomer to enable PCR amplification of
the product generated in the first round of PCR. (7) Continuing amplification to generate enough
product for downstream clonal sequencing. (8) Measuring the amplified PCR product by a
multitude of methods, for example, clonal sequencing, to a sufficient number of bases to span the
sequence.

In an embodiment, a method of the present disclosure involves targeting multiple loci in
parallel or otherwise. Primers to different target loci can be generated independently and mixed to
create multiplex PCR pools. In an embodiment, original samples can be divided into sub-pools

and different loci can be targeted in each sub-pool before being recombined and sequenced. In an
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embodiment, the tagging step and a number of amplification cycles may be performed before the
pool is subdivided to ensure efficient targeting of all targets before splitting, and improving
subsequent amplification by continuing amplification using smaller sets of primers in subdivided
pools.

In some circumstances, especially in cases where there is a very small amount of DNA, for
example, fewer than 5,000 copies of the genome, fewer than 1,000 copies of the genome, fewer
than 500 copies of the genome, and fewer than 100 copies of the genome, one can encounter a
phenomenon called bottlenecking. This is where there are a small number of copies of any given
allcle in the initial sample, and amplification biascs can result in the amplificd pool of DNA having
significantly different ratios of thosc allcles than arc in the initial mixturc of DNA. By applying a
unique or nearly unique set of barcodes to each strand of DNA before standard PCR amplification,
it is possible to exclude n-1 copies of DNA from a set of n identical molecules of sequenced DNA
that originated from the same original molecule.

For example, imagine a heterozygous SNP in the genome of an individual, and a mixture
of DNA from the individual where ten molecules of each allele are present in the original sample
of DNA. After amplification there may be 100,000 molecules of DNA corresponding to that locus.
Due to stochastic processes, the ratio of DNA could be anywhere from 1:2 to 2:1, however, since
each of the original molecules was tagged with a unique tag, it would be possible to determine that
the DNA in the amplified pool originated from exactly 10 molecules of DNA from each allele.
This method would therefore give a more accurate measure of the relative amounts of each allele
than a method not using this approach. For methods where it is desirable for the relative amount
of allele bias to be minimized, this method will provide more accurate data.

Association of the sequenced fragment to the target locus can be achieved in a number of
ways. In an embodiment, a sequence of sufficient length is obtained from the targeted fragment to
span the molecule barcode as well a sufficient number of unique bases corresponding to the target
sequence to allow unambiguous identification of the target locus. In another embodiment, the
molecular bar-coding primer that contains the randomly generated molecular barcode can also
contain a locus specific barcode (locus barcode) that identifies the target to which it is to be
associated. This locus barcode would be identical among all molecular bar-coding primers for each

individual target and hence all resulting amplicons, but different from all other targets. In an
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embodiment, the tagging method described herein may be combined with a one-sided nesting
protocol.

In an embodiment, the design and generation of molecular barcoding primers may be
reduced to practice as follows: the molecular barcoding primers may consist of a sequence that is
not complementary to the target sequence followed by random molecular barcode region followed
by a target specific sequence. The sequence 5’ of molecular barcode may be used for subsequence
PCR amplification and may comprise sequences useful in the conversion of the amplicon to a
library for sequencing. The random molecular barcode sequence could be generated in a multitude
of ways. The preferred method synthesize the molecule tagging primer in such a way as to includc
all four bascs to the rcaction during synthesis of the barcode region. All or various combinations
of bases may be specified using the IUPAC DNA ambiguity codes. In this manner the synthesized
collection of molecules will contain a random mixture of sequences in the molecular barcode
region. The length of the barcode region will determine how many primers will contain unique
barcodes. The number of unique sequences is related to the length of the barcode region as Nt
where N is the number of bases, typically 4, and L is the length of the barcode. A barcode of five
bases can yield up to 1024 unique sequences; a barcode of eight bases can yield 65536 unique
barcodes. In an embodiment, the DNA can be measured by a sequencing method, where the
sequence data represents the sequence of a single molecule. This can include methods in which
single molecules are sequenced directly or methods in which single molecules are amplified (o
form clones detectable by the sequence instrument, but that still represent single molecules, herein
called clonal sequencing.

In some embodiments, the molecular barcodes described herein are Molecular Index Tags
(“MITs’"), which are attached to a population of nucleic acid molecules from a sample to identify
individual sample nucleic acid molecules from the population of nucleic acid molecules (i.e.
members of the population) after sample processing for a sequencing reaction. MITs are described
in detail in U.S. Pat. No. 10,011,870 to Zimmermann et al., which is incorporated herein by
reference in its entirety. Unlike prior art methods that relate to unique identifiers and teach having
a diversity of unique identifiers that is greater than the number of sample nucleic acid molecules
in a sample in order to tag each sample nucleic acid molecule with a unique identifier, the present
disclosure typically involves many more sample nucleic acid molecules than the diversity of MITs

in a set of MITs. In fact, methods and compositions herein can include more than 1,000, 1x10°,
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1x10°, or even more starting molecules for each different MIT in a set of MITs. Yet the methods
can still identify individual sample nucleic acid molecules that give rise to a tagged nucleic acid
molecule after amplification.

In the methods and compositions herein, the diversity of the set of MITs is advantageously
less than the total number of sample nucleic acid molecules that span a target locus but the diversity
of the possible combinations of attached MITs using the set of MITs is greater than the total
number of sample nucleic acid molecules that span a target locus. Typically, to improve the
identifying capability of the set of MITs, at least two MITs are attached to a sample nucleic acid
moleccule to form a tagged nucleic acid molecule. The scquences of attached MITs dectermined
from scquencing rcads can be uscd to identify clonally amplificd identical copics of the same
sample nucleic acid molecule that are attached to different solid supports or different regions of a
solid support during sample preparation for the sequencing reaction. The sequences of tagged
nucleic acid molecules can be compiled, compared, and used to differentiate nucleotide mutations
incurred during amplification from nucleotide differences present in the initial sample nucleic acid
molecules.

Sets of MITs in the present disclosure typically have a lower diversity than the total number
of sample nucleic acid molecules, whereas many prior methods utilized sets of “unique identifiers”
where the diversity of the unique identifiers was greater than the total number of sample nucleic
acid molecules. Yet MITs of the present disclosure retain sufllicient tracking power by including a
diversity of possible combinations of attached MITs using the set of MITs that is greater than the
total number of sample nucleic acid molecules that span a target locus. This lower diversity for a
set of MITs of the present disclosure significantly reduces the cost and manufacturing complexity
associated with generating and/or obtaining sets of tracking tags. Although the total number of
MIT molecules in a reaction mixture is typically greater than the total number of sample nucleic
acid molecules, the diversity of the set of MITs is far less than the total number of sample nucleic
acid molecules, which substantially lowers the cost and simplifies the manufacturability over prior
art methods. Thus, a set of MIT’s can include a diversity of as few as 3, 4, 5, 10, 25, 50, or 100
different MITs on the low end of the range and 10, 25, 50, 100, 200, 250, 500, or 1000 MITs on
the high end of the range, for example. Accordingly, in the present disclosure this relatively low
diversity of MITs results in a far lower diversity of MITs than the total number of sample nucleic

acid molecules, which in combination with a greater total number of MITs in the reaction mixture
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than total sample nucleic acid molecules and a higher diversity in the possible combinations of any
2 MITs of the set of MITs than the number of sample nucleic acid molecules that span a target
locus, provides a particularly advantageous embodiment that is cost-effective and very effective
with complex samples isolated from nature.

In some embodiments, the population of nucleic acid molecules has not been amplified in
vitro before attaching the MITs and can include between 1x10® and 1x10'3, or in some
embodiments, between 1x10° and 1x10'? or between 1x10'° and 1x10'2, sample nucleic acid
molecules. In some embodiments, a reaction mixture is formed including the population of nucleic
acid molccules and a sct of MITs, whercin the total number of nuclcic acid moleculcs in the
population of nuclcic acid molcculcs is grecater than the diversity of MITs in the sct of MITs and
wherein there are at least three MITs in the set. In some embodiments, the diversity of the possible
combinations of attached MITs using the set of MITs is more than the total number of sample
nucleic acid molecules that span a target locus and less than the total number of sample nucleic
acid molecules in the population. In some embodiments, the diversity of set of MITs can include
between 10 and 500 MITs with different sequences. The ratio of the total number of nucleic acid
molecules in the population of nucleic acid molecules in the sample to the diversity of MITs in the
set, in certain methods and compositions herein, can be between 1,000:1 and 1,000,000,000:1. The
ratio of the diversity of the possible combinations of attached MITs using the set of MITs to the
total number of sample nucleic acid molecules that span a target locus can be between 1.01:1 and
10:1. The MITs typically are composed at least in part of an oligonucleotide between 4 and 20
nucleotides in length as discussed in more detail herein. The set of MIT's can be designed such that
the sequences of all the MITs in the set differ from each other by at least 2, 3, 4, or 5 nucleotides.

In some embodiments, provided herein, at least one (e.g. 2, 3, 5, 10, 20, 30, 50, 100) MIT
from the set of MITs are attached to each nucleic acid molecule or to a segment of each nucleic
acid molecule of the population of nucleic acid molecules to form a population of tagged nucleic
acid molecules. MITs can be attached to a sample nucleic acid molecule in various configurations,
as discussed further herein. For example, after attachment one MIT can be located on the 5'
terminus of the tagged nucleic acid molecules or 5' to the sample nucleic acid segment of some,
most, or typically each of the tagged nucleic acid molecules, and/or another MIT can be located 3’
to the sample nucleic acid segment of some, most, or typically each of the tagged nucleic acid

molecules. In other embodiments, at least two MITs are located 5' and/or 3’ to the sample nucleic
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acid segments of the tagged nucleic acid molecules, or 5’ and/or 3’ to the sample nucleic acid
segment of some, most, or typically each of the tagged nucleic acid molecules. Two MITs can be
added to either the 5' or 3’ by including both on the same polynucleotide segment before attaching
or by performing separate reactions. For example, PCR can be performed with primers that bind
to specific sequences within the sample nucleic acid molecules and include a region 5’ to the
sequence-specific region that encodes two MITs. In some embodiments, at least one copy of each
MIT of the set of MITs is attached to a sample nucleic acid molecule, two copies of at least one
MIT are each attached to a different sample nucleic acid molecule, and/or at least two sample
nuclcic acid molccules with the same or substantially the same scquence have at lcast onc different
MIT attached. A skilled artisan will identify methods for attaching MIT's to nuclcic acid molecules
of a population of nucleic acid molecules. For example, MITs can be attached through ligation or
appended 5’ to an internal sequence binding site of a PCR primer and attached during a PCR
reaction as discussed in more detail herein.

After or while MITs are attached to sample nucleic acids to form tagged nucleic acid
molecules, the population of tagged nucleic acid molecules are typically amplified to create a
library of tagged nucleic acid molecules. Methods for amplification to generate a library, including
those particularly relevant to a high-throughput sequencing workflow, are known in the art. For
example, such amplification can be a PCR-based library preparation. These methods can further
include clonally amplilying the library of tagged nucleic acid molecules onto one or more solid
supports using PCR or another amplification method such as an isothermal method. Methods for
generating clonally amplified libraries onto solid supports in high-throughput sequencing sample
preparation workflows are known in the art. Additional amplification steps, such as a multiplex
amplification reaction in which a subset of the population of sample nucleic acid molecules are
amplified, can be included in methods for identifying sample nucleic acids provided herein as well.

In some embodiments, a nucleotide sequence of the MITs and at least a portion of the
sample nucleic acid molecule segments of some, most, or all (e.g. at least 2, 3,4,5,6,7, 8,9, 10,
20, 25, 50, 75, 100, 150, 200, 250, 500, 1,000, 2,500, 5,000, 10,000, 15,000, 20,000, 25,000,
50,000, 100,000, 1,000,000, 5,000,000, 10,000,000, 25,000,000, 50,000,000, 100,000,000,
250,000,000, 500,000,000, 1x10°, 1x10'°, 1x10!!, 1x10'?, or 1x10'3 tagged nucleic acid molecules
or between 10, 20, 25, 30, 40, 50, 60, 70, 80, or 90% of the tagged nucleic acid molecules on the
low end of the range and 20, 25, 30, 40, 50, 60, 70, 80, or 90, 95, 96, 97, 98, 99, and 100% on the
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high end of the range) of the tagged nucleic acid molecules in the library of tagged nucleic acid
molecules is then determined. The sequence of a first MIT and optionally a second MIT or more
MITs on clonally amplified copies of a tagged nucleic acid molecule can be used to identify the
individual sample nucleic acid molecule that gave rise to the clonally amplified tagged nucleic
acid molecule in the library.

In some embodiments, sequences determined from tagged nucleic acid molecules sharing
the same first and optionally the same second MIT can be used to identify amplification errors by
differentiating amplification errors from true sequence differences at target loci in the sample
nucleic acid molecules. For example, in some embodiments, the sct of MITs arc double stranded
MIT's that, for cxample, can be a portion of a partially or fully double-stranded adapter, such as a
Y-adapter. In these embodiments, for every starting molecule, a Y-adapter preparation generates
2 daughter molecule types, one in a + and one in a — orientation. A true mutation in a sample
molecule should have both daughter molecules paired with the same 2 MITs in these embodiments
where the MITs are a double stranded adapter, or a portion thereof. Additionally, when the
sequences for the tagged nucleic acid molecules are determined and bucketed by the MITs on the
sequences into MIT nucleic acid segment families, considering the MIT sequence and optionally
its complement for double-stranded MITs, and optionally considering at least a portion of the
nucleic acid segment, most, and typically at least 75% in double-stranded MIT embodiments, of
the nucleic acid segments in an MIT nucleic acid segment family will include the mutation il the
starting molecule that gave rise to the tagged nucleic acid molecules had the mutation. In the event
of an amplification (e.g. PCR) error, the worst-case scenario is that the error occurs in cycle 1 of
the 1% PCR. In these embodiments, an amplification error will cause 25% of the final product to
contain the error (plus any additional accumulated error, but this should be <<1%). Therefore, in
some embodiments, if an MIT nucleic acid segment family contains at least 75% reads for a
particular mutation or polymorphic allele, for example, it can be concluded that the mutation or
polymorphic allele is truly present in the sample nucleic acid molecule that gave rise to the tagged
nucleic acid molecule. The later an error occurs in a sample preparation process, the lower the
proportion of sequence reads that include the error in a set of sequencing reads grouped (i.e.
bucketed) by MITs into a paired MIT nucleic acid segment family. For example, an error in a
library preparation amplification will result in a higher percentage of sequences with the error in a

paired MIT nucleic acid segment family, than an error in a subsequent amplification step in the
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workflow, such as a targeted multiplex amplification. An error in the final clonal amplification in
a sequencing workflow creates the lowest percentage of nucleic acid molecules in a paired MIT
nucleic acid segment family that includes the error.

In some embodiments disclosed herein, the ratio of the total number of the sample nucleic
acid molecules to the diversity of the MITs in the set of MITs or the diversity of the possible
combinations of attached MIT's using the set of MITs can be between 10:1, 20:1, 30:1, 40:1, 50:1,
60:1, 70:1, 80:1, 90:1, 100:1 200:1, 300:1, 400:1, 500:1, 600:1, 700:1, 800:1, 900:1, 1,000:1,
2,000:1, 3.000:1, 4.,000:1, 5.000:1, 6.000:1, 7,000:1, 8.000:1, 9.000:1, 10.,000:1, 15.000:1,
20.000:1, 25.000:1, 30.,000:1, 40.,000:1, 50,000:1, 60,000:1, 70,000:1, 80,000:1, 90.000:1,
100.000:1, 200.000:1, 300.000:1. 400.000:1. 500.000:1. 600.000:1. 700.000:1. 800.000:1,
900,000:1, and 1,000,000:1 on the low end of the range and 100:1 200:1, 300:1, 400:1, 500:1,
600:1, 700:1, 800:1, 900:1, 1,000:1, 2,000:1, 3,000:1, 4,000:1, 5,000:1, 6,000:1, 7,000:1, 8,000:1,
9,000:1, 10,000:1, 15,000:1, 20,000:1, 25,000:1, 30,000:1, 40,000:1, 50,000:1, 60,000:1, 70,000:1,
80,000:1, 90,000:1, 100,000:1, 200,000:1, 300,000:1, 400,000:1, 500,000:1, 600,000:1,
700,000:1, 800,000:1, 900,000:1, 1,000,000:1, 2,000,000:1, 3,000,000:1, 4,000,000:1,
5,000,000:1, 6,000,000:1, 7,000,000:1, 8,000,000:1, 9,000,000:1, 10,000,000:1, 50,000,000:1,
100,000,000:1, and 1,000,000,000:1 on the high end of the range.

In some embodiments, the sample is a human cfDNA sample. In such a method, as
disclosed herein, the diversity is between about 20 million and about 3 billion. In these
embodiments, the ratio of the total number of sample nucleic acid molecules to the diversity of the
set of MITs can be between 100,000:1, 1x10%1, 1x107:1, 2x107:1, and 2.5x10’:1 on the low end
of the range and 2x107:1, 2.5x107:1, 5x107:1, 1x10%:1, 2.5 x108:1, 5 x10%:1, and 1x10°:1 on the
high end of the range.

In some embodiments, the diversity of possible combinations of attached MIT's using the
set of MITs is preferably greater than the total number of sample nucleic acid molecules that span
a target locus. For example, if there are 100 copies of the human genome that have all been
fragmented into 200 bp fragments such that there are approximately 15,000,000 fragments for each
genome, then it is preferable that the diversity of possible combinations of MITs be greater than
100 (number of copies of each target locus) but less than 1,500,000,000 (total number of nucleic
acid molecules). For example, the diversity of possible combinations of MITs can be greater than

100 but much less than 1,500,000,000, such as 200, 300, 400, 500, 600, 700, 800, 900, or 1,000
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possible combinations of attached MITs. While the diversity of MITs in the set of MITs is less
than the total number of nucleic acid molecules, the total number of MITs in the reaction mixture
is in excess of the total number of nucleic acid molecules or nucleic acid molecule segments in the
reaction mixture. For example, if there are 1,500,000,000 total nucleic acid molecules or nucleic
acid molecule segments, then there will be more than 1,500,000,000 total MIT molecules in the
reaction mixture. In some embodiments, the ratio of the diversity of MITs in the set of MITs can
be lower than the number of nucleic acid molecules in a sample that span a target locus while the
diversity of the possible combinations of attached MITs using the set of MITs can be greater than
thc number of nucleic acid molcculces in the sample that span a targct locus. For example, the ratio
of the number of nucleic acid molccules in a sample that span a target locus to the diversity of
MITs in the set of MITs can be at least 10:1, 25:1, 50:1, 100:1, 125:1, 150:1, or 200:1 and the ratio
of the diversity of the possible combinations of attached MIT's using the set of MITs to the number
of nucleic acid molecules in the sample that span a target locus can be at least 1.01:1, 1.1:1, 2:1,
3:1,4:1,5:1, 6:1,7:1, 8:1, 9:1, 10:1, 20:1, 25:1, 50:1, 100:1, 250:1, 500:1, or 1,000:1.

Typically, the diversity of MITs in the set of MITs is less than the total number of sample
nucleic acid molecules that span a target locus whereas the diversity of the possible combinations
of attached MITs is greater than the total number of sample nucleic acid molecules that span a
target locus. In embodiments where 2 MITs are attached to sample nucleic acid molecules, the
diversity of MITs in the set of MITs is less than the total number of sample nucleic acid molecules
that span a target locus but greater than the square root of the total number of sample nucleic acid
molecules that span a target locus. In some embodiments, the diversity of MITs is less than the
total number of sample nucleic acid molecules that span a target locus but 1, 2, 3, 4, or 5 more than
the square root of the total number of sample nucleic acid molecules that span a target locus. Thus,
although the diversity of MITs is less than the total number of sample nucleic acid molecules that
span a target locus, the total number of combinations of any 2 MITs is greater than the total number
of sample nucleic acid molecules that span a target locus. The diversity of MITs in the set is
typically less than one half the number of sample nucleic acid molecules than span a target locus
in samples with at least 100 copies of each target locus. In some embodiments, the diversity of
MITs in the set can be at least 1, 2, 3, 4, or 5 more than the square root of the total number of
sample nucleic acid molecules that span a target locus but less than 1/5, 1/10, 1/20, 1/50, or 1/100

the total number of sample nucleic acid molecules that span a target locus. For samples with
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between 2,000 and 1,000,000 sample nucleic acid molecules that span a target locus, the number
of MITs in the set does not exceed 1,000. For example, in a sample with 10,000 copies of the
genome in a genomic DN A sample such as a circulating cell-free DNA sample such that the sample
has 10,000 sample nucleic acid molecules that span a target locus, the diversity of MITs can be
between 101 and 1,000, or between 101 and 500, or between 101 and 250. In some embodiments,
the diversity of MITs in the set of MITs can be between the square root of the total number of
sample nucleic acid molecules that span a target locus and 1, 10, 25, 50, 100, 125, 150, 200, 250,
300, 400, 500, 600, 700, 800, 900, or 1,000 less than the total number of sample nucleic acid
molcculcs that span a target locus. In some cmbodiments, the diversity of MITs in the sct of MIT's
can be between 0.01%, 0.05%. 0.1%. 0.5%. 1%. 2%. 3%. 4%. 5%. 10%. 15%. 20%. 25%., 30%.
35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, and 80% of the number of sample nucleic acid
molecules that span a target locus on the low end of the range and 1%, 2%, 3%, 4%, 5%, 10%,
15%, 20%, 25%., 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 15%, 80%, 85%, 90%, 95%,
96%, 97%, 98%, and 99% of the number of sample nucleic acid molecules that span a target locus
on the high end of the range.

In some embodiments, the ratio of the total number of MITs in the reaction mixture to the
total number of sample nucleic acid molecules in the reaction mixture can be between 1.01, 1.1:1,
2:1, 3:1, 4:1, 5:1, 6:1, 7:1, 8:1, 9:1, 10:1, 25:1 50:1, 100:1, 200:1, 300:1, 400:1, 500:1, 600:1,
700:1, 800:1, 900:1, 1,000:1, 2,000:1, 3,000:1, 4,000:1, 5,000:1, 6,000:1, 7,000:1, 8,000:1,
9,000:1, and 10,000:1 on the low end of the range and 25:1 50:1, 100:1, 200:1, 300:1, 400:1, 500:1,
600:1, 700:1, 800:1, 900:1, 1,000:1, 2,000:1, 3,000:1, 4,000:1, 5,000:1, 6,000:1, 7,000:1, 8,000:1,
9,000:1, 10,000:1, 15,000:1, 20,000:1, 25,000:1, 30,000:1, 40,000:1, and 50,000:1 on the high end
of the range. In some embodiments, the total number of MITs in the reaction mixture is at least
50%, 60%, 70%, 80%, 90%, 95%, 96%, 97%, 98% 99%, or 99.9% of the total number of sample
nucleic acid molecules in the reaction mixture. In other embodiments, the ratio of the total number
of MITs in the reaction mixture to the total number of sample nucleic acid molecules in the reaction
mixture can be at least enough MITs for each sample nucleic acid molecule to have the appropriate
number of MITs attached, i.e. 2:1 for 2 MITs being attached, 3:1 for 3 MITs, 4:1 for 4 MITs, 5:1
for 5 MITs, 6:1 for © MITs, 7:1 for 7 MITs, 8:1 for 8 MITs, 9:1 for O MITs, and 10:1 for 10 MITs.

In some embodiments, the ratio of the total number of MITs with identical sequences in

the reaction mixture to the total number of nucleic acid segments in the reaction mixture can be
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between 0.1:1, 0.2:1, 0.3:1, 0.4:1, 0.5:1, 0.6:1, 0.7:1, 0.8:1, 0.9:1, 1:1, 1.1:1, 1.2:1, 1.3:1, 1.4:1,
1.5:1,1.6:1,1.7:1, 1.8:1, 1.9:1, 2:1, 2.25:1, 2.5:1, 2.75:1, 3:1, 3.5:1, 4:1, 4.5:1, and 5:1 on the low
end of the range and 0.5:1, 0.6:1, 0.7:1, 0.8:1, 0.9:1, 1:1, 1.1:1, 1.2:1, 1.3:1, 1.4:1, 1.5:1, 1.6:1,
1.7:1,1.8:1,1.9:1, 2:1, 2.25:1, 2.5:1, 2.75:1, 3:1, 3.5:1, 4:1, 4.5:1, 5:1, 6:1, 7:1, 8:1, 9:1, 10:1, 20:1,
30:1, 40:1, 50:1, 60:1, 70:1, 80:1, 90:1, and 100:1 on the high end of the range.

The set of MITs can include, for example, at least three MITs or between 10 and 500 MITs.
As discussed herein in some embodiments, nucleic acid molecules from the sample are added
directly to the attachment reaction mixture without amplification. These sample nucleic acid
moleccules can be purified from a source, such as a living ccll or organism, as discloscd hercin, and
then MITs can be attached without amplifying the nucleic acid molccules. In some embodiments,
the sample nucleic acid molecules or nucleic acid segments can be amplified before attaching
MITs. As discussed herein, in some embodiments, the nucleic acid molecules from the sample can
be fragmented to generate sample nucleic acid segments. In some embodiments, other
oligonucleotide sequences can be attached (e.g. ligated) to the ends of the sample nucleic acid
molecules before the MITs are attached.

In some embodiments disclosed herein the ratio of sample nucleic acid molecules, nucleic
acid segments, or fragments that include a target locus to MITs in the reaction mixture can be
between 1.01:1, 1.05, 1.1:1, 1.2:1 1.3:1, 1.4:1,1.5:1,1.6:1,1.7:1, 1.8:1, 1.9:1, 2:1, 2.5:1, 3:1, 4:1,
5:1,6:1, 7:1, 8:1, 9:1, 10:1, 15:1, 20:1, 25:1, 30:1, 35:1, 40:1, 45:1, and 50:1 on the low end and
5:1, 6:1, 7:1, 8:1, 9:1, 10:1, 15:1, 20:1, 25:1, 30:1, 35:1, 40:1, 45:1, 50:1 60:1, 70:1, 80:1, 90:1,
100:1, 125:1, 150:1, 175:1, 200:1, 300:1, 400:1 and 500:1 on the high end. For example, in some
embodiments, the ratio of sample nucleic acid molecules, nucleic acid segments, or fragments with
a specific target locus to MITs in the reaction mixture is between 5:1, 6:1, 7:1, 8:1, 9:1, 10:1, 15:1,
20:1, 25:1, 30:1, 35:1, 40:1, 45:1, and 50:1 on the low end and 20:1, 25:1, 30:1, 35:1, 40:1, 45:1,
50:1, 60:1, 70:1, 80:1, 90:1, 100:1, and 200:1 on the high end. In some embodiments, the ratio of
sample nucleic acid molecules or nucleic acid segments to MITs in the reaction mixture can be
between 25:1, 30:1, 35:1, 40:1, 45:1, 50:1 on the low end and 50:1 60:1, 70:1, 80:1, 90:1, 100:1
on the high end. In some embodiments, the diversity of the possible combinations of attached MIT's
can be greater than the number of sample nucleic acid molecules, nucleic acid segments, or
fragments that span a target locus. For example, in some embodiments, the ratio of the diversity

of the possible combinations of attached MITs to the number of sample nucleic acid molecules,
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nucleic acid segments, or fragments that span a target locus can be at least 1.01, 1.1:1, 2:1, 3:1,
4:1,5:1,6:1, 7:1, 8:1, 9:1, 10:1, 20:1, 25:1, 50:1, 100:1, 250:1, 500:1, or 1,000:1.

Reaction mixtures for tagging nucleic acid molecules with MITs (i.e. attaching nucleic acid
molecules to MITs), as provided herein, can include additional reagents in addition to a population
of sample nucleic acid molecules and a set of MITs. For example, the reaction mixtures for tagging
can include a ligase or polymerase with suitable buffers at an appropriate pH, adenosine
triphosphate (ATP) for ATP-dependent ligases or nicotinamide adenine dinucleotide for NAD-
dependent ligases, deoxynucleoside triphosphates (dNTPs) for polymerases, and optionally
molccular crowding rcagents such as polycthylenc glycol. In certain embodiments the reaction
mixturc can include a population of sample nucleic acid molccules, a sct of MITs, and a
polymerase or ligase, wherein the ratio of the number of sample nucleic acid molecules, nucleic
acid segments, or fragments with a specific target locus to the number of MITs in the reaction
mixture can be any of the ratios disclosed herein, for example between 2:1 and 100:1, or between
10:1 and 100:1 or between 25:1 and 75:1, or is between 40:1 and 60:1, or between 45:1 and 55:1,
or between 49:1 and 51:1.

In some embodiments disclosed herein the number of different MITs (i.e. diversity) in the
set of MITs can be between 3, 4,5,6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 25, 30, 35,
40, 45, 50, 60, 70, 80, 90, 100, 125, 150, 175, 200, 250, 300, 350, 400, 450, 500, 600, 700, 800,
900, 1,000, 1,500, 2,000, 2,500, and 3,000 MITs with dillerent sequences on the low end and 4, 5,
6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100, 125,
150, 175, 200, 250, 300, 350, 400, 450, 500, 600, 700, 800, 900, 1,000, 2,000, 3,000, 4,000, and
5,000 MITs with different sequences on the high end. For example, the diversity of different MIT's
in the set of MITs can be between 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, and 100 different MIT
sequences on the low end and 50, 60, 70, 80, 90, 100, 125, 150, 175, 200, 250, and 300 different
MIT sequences on the high end. In some embodiments, the diversity of different MITs in the set
of MITs can be between 50, 60, 70, 80, 90, 100, 125, and 150 different MIT sequences on the low
end and 100, 125, 150, 175, 200, and 250 different MIT sequences on the high end. In some
embodiments, the diversity of different MITs in the set of MITs can be between 3 and 1,000, or
10 and 500, or 50 and 250 different MIT sequences. In some embodiments, the diversity of possible
combinations of attached MITs using the set of MITs can be between 4, 5, 6, 7, 8, 9, 10, 15, 20,
25, 30, 40, 50, 75, 100, 150, 200, 250, 300, 400, 500, and 1,000, 2,000, 3,000, 4,000, 5,000, 6,000,
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7,000, 8,000, 9,000, 10,000, 20,000, 30,000, 40,000, 50,000, 60,000, 70,000, 80,000, 90,000,
100,000, 250,000, 500,000, 1,000,000, possible combinations of attached MITs on the low end of
the range and 10, 15, 20, 25, 30, 40, 50, 75, 100, 150, 200, 250, 300, 400, 500, 1,000, 2,000, 3,000,
4,000, 5,000, 6,000, 7,000, 8,000, 9,000, 10,000, 20,000, 30,000, 40,000, 50,000, 60,000, 70,000,
80,000, 90,000, 100,000, 250,000, 500,000, 1,000,000, 2,000,000, 3,000,000, 4,000,000,
5,000,000, 6,000,000, 7,000,000, 8,000,000, 9,000,000, and 10,000,000 possible combinations of
attached MITs on the high end of the range.

The MITs in the set of MITs are typically all the same length. For example, in some
cmbodiments, the MITs can be any length between 2, 3,4, 5,6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16,
17, 18, 19, and 20 nuclcotidcs on thc low ¢cnd and 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, and 30 nucleotides on the high end. In certain
embodiments, the MITs are any length between 3, 4, 5, 6, 7, or 8 nucleotides on the low end and
5,6,7,8,9, 10, or 11 nucleotides on the high end. In some embodiments, the lengths of the MITs
can be any length between 4, 5, or 6, nucleotides on the low end and 5, 6, or 7 nucleotides on the
high end. In some embodiments, the length of the MITs is 5, 6, or 7 nucleotides.

As will be understood, a set of MITs typically includes many identical copies of each MIT
member of the set. In some embodiments, a set of MITs includes between 10, 20, 25, 30, 40, 50,
100, 500, 1,000, 10,000, 50,000, and 100,000 times more copies on the low end of the range, and
100, 500, 1,000, 10,000, 50,000, 100,000, 250,000, 500,000 and 1,000,000 more copies on the
high end of the range, than the total number of sample nucleic acid molecules that span a target
locus. For example, in a human circulating cell-free DNA sample isolated from plasma, there can
be a quantity of DNA fragments that includes, for example, 1,000 — 100,000 circulating fragments
that span any target locus of the genome. In certain embodiments, there are no more than 1/10,
1/4, 1/2, or 3/4 as many copies of any given MIT as total unique MITs in a set of MITs. Between
members of the set, there can be 1, 2, 3,4, 5,6, 7, 8, 9, or 10 differences between any sequence
and the rest of the sequences. In some embodiments, the sequence of each MIT in the set differs
from all the other MITs by atleast 1,2, 3,4,5,6,7, 8,9, or 10 nucleotides. To reduce the chance
of misidentifying an MIT, the set of MITs can be designed using methods a skilled artisan will
recognize, such as taking into consideration the Hamming distances between all the MITs in the
set of MITs. The Hamming distance measures the minimum number of substitutions required to

change one string, or nucleotide sequence, into another. Here, the Hamming distance measures the
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minimum number of amplification errors required to transform one MIT sequence in a set into
another MIT sequence from the same set. In certain embodiments, different MITs of the set of
MITs have a Hamming distance of less than 1, 2, 3, 4,5, 6,7, 8, 9, or 10 between each other.

In certain embodiments, a set of isolated MITs as provided herein is one embodiment of
the present disclosure. The set of isolated MITs can be a set of single stranded, or partially, or fully
double stranded nucleic acid molecules, wherein each MIT is a portion of, or the entire, nucleic
acid molecule of the set. In certain examples, provided herein is a set of Y-adapter (i.e. partially
double-stranded) nucleic acids that each include a different MIT. The set of Y-adapter nucleic
acids can cach bc identical except for the MIT portion. Multiple copics of the same Y-adapter MIT
can be included in the sct. The sct can have a number and diversity of nucleic acid molcculcs as
disclosed herein for a set of MITs. As a non-limiting example, the set can include 2, 5, 10, or 100
copies of between 50 and 500 MIT-containing Y-adapters, with each MIT segment between 4 and
8 nucleic acids in length and each MIT segment differing from the other MIT segments by at least
2 nucleotides, but contain identical sequences other than the MIT sequence. Further details
regarding Y -adapter portion of the set of Y-adapters is provided herein.

In other embodiments, a reaction mixture that includes a set of MITs and a population of
sample nucleic acid molecules is one embodiment of the present disclosure. Furthermore, such a
composition can be part of numerous methods and other compositions provided herein. For
example, in (urther embodiments, a reaction mixture can include a polymerase or ligase,
appropriate buffers, and supplemental components as discussed in more detail herein. For any of
these embodiments, the set of MITs can include between 25, 50, 100, 200, 250, 300, 400, 500, or
1,000 MITs on the low end of the range, and 100, 200, 250, 300, 400, 500, 1,000, 1,500, 2,000,
2,500, 5,000, 10,000, or 25,000 MITs on the high end of the range. For example, in some
embodiments, a reaction mixture includes a set of between 10 and 500 MITs.

Molecular Index Tags (MITs) as discussed in more detail herein can be attached to sample
nucleic acid molecules in the reaction mixture using methods that a skilled artisan will recognize.
In some embodiments, the MITs can be attached alone, or without any additional oligonucleotide
sequences. In some embodiments, the MITs can be part of a larger oligonucleotide that can further
include other nucleotide sequences as discussed in more detail herein. For example, the
oligonucleotide can also include primers specific for nucleic acid segments or universal primer

binding sites, adapters such as sequencing adapters such as Y-adapters, library tags, ligation
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adapter tags, and combinations thereof. A skilled artisan will recognize how to incorporate various
tags into oligonucleotides to generate tagged nucleic acid molecules useful for sequencing,
especially high-throughput sequencing. The MITs of the present disclosure are advantageous in
that they are more readily used with additional sequences, such as Y-adapter and/or universal
sequences because the diversity of nucleic acid molecules is less, and therefore they can be more
easily combined with additional sequences on an adapter to yield a smaller, and therefore more
cost effective set of MIT-containing adapters.

In some embodiments, the MIT's are attached such that one MIT is 5’ to the sample nucleic
acid scgment and onc MIT is 3’ to thc samplc nuclecic acid scgment in the tagged nucleic acid
moleccule. For cxample, in somc cmbodiments, the MITs can be attached directly to the 5" and 3’
ends of the sample nucleic acid molecules using ligation. In some embodiments disclosed herein,
ligation typically involves forming a reaction mixture with appropriate buffers, ions, and a suitable
pH in which the population of sample nucleic acid molecules, the set of MITs, adenosine
triphosphate, and a ligase are combined. A skilled artisan will understand how to form the reaction
mixture and the various ligases available for use. In some embodiments, the nucleic acid molecules
can have 3' adenosine overhangs and the MITs can be located on double-stranded oligonucleotides
having 5' thymidine overhangs, such as directly adjacent to a 5' thymidine.

In further embodiments, MITs provided herein can be included as part of Y-adapters before
they are ligated (o sample nucleic acid molecules. Y-adapters are well-known in the art and are
used, for example, to more effectively provide primer binding sequences to the two ends of the
nucleic acid molecules before high-throughput sequencing. Y-adapters are formed by annealing a
first oligonucleotide and a second oligonucleotide where a 5' segment of the first oligonucleotide
and a 3’ segment of the second oligonucleotide are complementary and wherein a 3' segment of
the first oligonucleotide and a 5’ segment of the second oligonucleotide are not complementary. In
some embodiments, Y-adapters include a base-paired, double-stranded polynucleotide segment
and an unpaired, single-stranded polynucleotide segment distal to the site of ligation. The double-
stranded polynucleotide segment can be between 3, 4,5, 6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17,
18, 19, or 20 nucleotides in length on the low end of the range and 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, and 30 nucleotides in length on the
high end of the range. The single-stranded polynucleotide segments on the first and second

oligonucleotides can be between 3, 4, 5,6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or 20
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nucleotides in length on the low end of the range and 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, and 30 nucleotides in length on the high end of the
range. In these embodiments, MITs are typically double stranded sequences added to the ends of
Y-adapters, which are ligated to sample nucleic acid segments to be sequenced. In some
embodiments, the non-complementary segments of the first and second oligonucleotides can be
different lengths.

In some embodiments, double-stranded MITs attached by ligation will have the same MIT
on both strands of the sample nucleic acid molecule. In certain apects the tagged nucleic acid
molccules derived from these two strands will be identificd and uscd to gencrate paired MIT
familics. In downstrcam scquencing rcactions, where single stranded nucleic acids arc typically
sequenced, an MIT family can be identified by identifying tagged nucleic acid molecules with
identical or complementary MIT sequences. In these embodiments, the paired MIT families can
be used to verify the presence of sequence differences in the initial sample nucleic acid molecule
as discussed herein.

In some embodiments, MITs can be attached to the sample nucleic acid segment by being
incorporated 5’ to forward and/or reverse PCR primers that bind sequences in the sample nucleic
acid segment. In some embodiments, the MITs can be incorporated into universal forward and/or
reverse PCR primers that bind universal primer binding sequences previously attached to the
sample nucleic acid molecules. In some embodiments, the MITs can be attached using a
combination of a universal forward or reverse primer with a 5’ MIT sequence and a forward or
reverse PCR primer that bind internal binding sequences in the sample nucleic acid segment with
a 5'MIT sequence. After 2 cycles of PCR, sample nucleic acid molecules that have been amplified
using both the forward and reverse primers with incorporated MIT sequences will have MIT's
attached 5’ to the sample nucleic acid segments and 3’ to the sample nucleic acid segments in each
of the tagged nucleic acid molecules. In some embodiments, the PCR is done for 2, 3,4, 5,6, 7, 8,
9, or 10 cycles in the attachment step.

In some embodiments disclosed herein the two MITs on each tagged nucleic acid molecule
can be attached using similar techniques such that both MITs are 5' to the sample nucleic acid
segments or both MITs are 3' to the sample nucleic acid segments. For example, two MITs can be
incorporated into the same oligonucleotide and ligated on one end of the sample nucleic acid

molecule or two MITs can be present on the forward or reverse primer and the paired reverse or
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forward primer can have zero MITs. In other embodiments, more than two MITs can be attached
with any combination of MITs attached to the 5’ and/or 3' locations relative to the nucleic acid
segments.

As discussed herein, other sequences can be attached to the sample nucleic acid molecules
before, after, during, or with the MITs. For example, ligation adapters, often referred to as library
tags or ligation adaptor tags (LTs), appended, with or without a universal primer binding sequence
to be used in a subsequent universal amplification step. In some embodiments, the length of the
oligonucleotide containing the MITs and other sequences can be between 5, 6,7, 8,9, 10, 11, 12,
13, 14, 15, 16, 17, 18, 29, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 35, 40, 45, 50, 55, 60, 65, 70,
75, 80, 85, 90, 95, and 100 nuclcotides on the low cnd of the range and 10, 11, 12, 13, 14, 15, 16,
17, 18, 29, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 35, 40, 45, 50, 55. 60, 65, 70, 75, 80, 85. 90,
95, 100, 110, 120, 130, 140, 150, 160, 170, 180, 190, and 200 nucleotides on the high end of the
range. In certain aspects the number of nucleotides in the MIT sequences can be a percentage of
the number of nucleotides in the total sequence of the oligonucleotides that include MITs. For
example, in some embodiments, the MIT can be at most 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%, 10%,
11%,12%, 13%, 14%, 15%, 16%, 17%, 18%, 19%, 20%, 25%, 30%, 35%, 40%, 45%, 50%., 55%,
60%, 65%, 70%., 75%., 80%., 85%, 90%, 95%, or 100% of the total nucleotides of an
oligonucleotide that is ligated to a sample nucleic acid molecule.

After attaching MITs (o the sample nucleic acid molecules through a ligation or PCR
reaction, it may be necessary to clean up the reaction mixture to remove undesirable components
that could affect subsequent method steps. In some embodiments, the sample nucleic acid
molecules can be purified away from the primers or ligases. In other embodiments, the proteins
and primers can be digested with proteases and exonucleases using methods known in the art.

After attaching MITs to the sample nucleic acid molecules, a population of tagged nucleic
acid molecules is generated, itself forming embodiments of the present disclosure. In some
embodiments, the size ranges of the tagged nucleic acid molecules can be between 10, 20, 30, 40,
50, 60, 70, 80, 90, 100, 125, 150, 175, 200, 250, 300, 400, and 500 nucleotides on the low end of
the range and 100, 125, 150, 175, 200, 250, 300, 400, 500, 600, 700, 800, 900, 1,000, 2,000, 3,000,
4,000, and 5,000 nucleotides on the high end of the range.

Such a population of tagged nucleic acid molecules can include between 5, 6, 7, 8, 9, 10,

11,12, 13, 14, 15, 16, 17, 18, 19, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100,
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110, 120, 130, 140, 150, 160, 170, 180, 190, 200, 225, 250, 300, 350, 400, 450, 500, 600, 700,
800, 900, 1,000, 2,000, 3,000, 4,000, 5,000, 6,000, 7,000, 8,000, 9,000, 10,000, 15,000, 20,000,
30,000, 40,000, 50,000, 100,000, 200,000, 300,000, 400,000, 500,000, 600,000, 700,000, 800,000,
900,000, 1,000,000, 1,250,000, 1,500,000, 2,000,000, 2,500,000, 3,000,000,
4,000,000, 5,000,000, 10,000,000, 20,000,000, 30,000,000, 40,00,000, 50,000,000, 50,000,000,
100,000,000, 200,000,000, 300,000,000, 400,000,000, 500,000,000, 600,000,000, 700,000,000,
800,000,000, 900,000,000, and 1,000,000,000 tagged nucleic acid molecules on the low end of the
range and 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90, 100, 150, 200, 250, 300, 400, 500, 600, 700,
800, 900, 1,000, 2,000, 3,000, 4,000, 5,000, 6,000, 7,000, 8.000, 9,000, 10,000, 15,000, 20,000,
30.000, 40.000, 50,000, 100,000, 200,000, 300,000, 400,000, 500,000, 600,000, 700,000, 800.000,
900,000, 1,000,000, 1,250,000, 1,500.000, 2,000,000, 2,500,000, 3,000,000,
4,000,000, 5,000,000, 6,000,000, 7,000,000, 8,000,000, 9,000,000, 10,000,000, 20,000,000,
30,000,000, 40,00,000, 50,000,000, 100,000,000, 200,000,000, 300,000,000, 400,000,000,
500,000,000, 600,000,000, 700,000,000, 800,000,000, 900,000,000, 1,000,000,000,
2,000,000,000, 3,000,000,000, 4,000,000,000, 5,000,000,000, 6,000,000,000, 7,000,000,000,
8,000,000,000, 9,000,000,000, and 10,000,000,000, tagged nucleic acid molecules on the high end
of the range. In some embodiments, the population of tagged nucleic acid molecules can include
between 100,000,000, 200,000,000, 300,000,000, 400,000,000, 500,000,000, 600,000,000,
700,000,000, 800,000,000, 900,000,000, and 1,000,000,000 tagged nucleic acid molecules on the
low end of the range and 500,000,000, 600,000,000, 700,000,000, 800,000,000, 900,000,000,
1,000,000,000, 2,000,000,000, 3,000,000,000, 4,000,000,000, 5,000,000,000 tagged nucleic acid
molecules on the high end of the range.

In certain aspects a percentage of the total sample nucleic acid molecules in the population
of sample nucleic acid molecules can be targeted to have MITs attached. In some embodiments,
at least 1%, 2%, 3%, 4%, 5%, 6%, 1%, 8%, 9%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%,
50%, 55%, 60%, 65%, 710%, 75%, 80%, 85%, 90%, 5%, 96%, 97%., 98%, 99%. or 99.9% of the
sample nucleic acid molecules can be targeted to have MITs attached. In other apects a percentage
of the sample nucleic acid molecules in the population can have MITs successfully attached. In
any of the embodiments disclosed herein at least 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%, 10%,
15%. 20%, 25%., 30%, 35%., 40%., 45%., 50%., 55%., 60%, 65%, 710%., 15%., 80%., 85%., 90%. 95%.
96%, 97%, 98%., 99 %, or 99.9% of the sample nucleic acid molecules can have MITs successfully
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attached to form the population of tagged nucleic acid molecules. In any of the embodiments
disclosed herein at least 1, 2, 3, 4,5, 6,7, 8,9, 10, 15, 20, 25, 30, 40, 50, 75, 100, 200, 300, 500,
600, 700, 800, 900, 1,000, 2,000, 3,000, 4,000, 5,000, 6,000, 7,000, 8,000, 9,000, 10,000, 15,000,
20,000, 30,000, 40,000, or 50,000 of the sample nucleic acid molecules can have MITs
successfully attached to form the population of tagged nucleic acid molecules.

In some embodiments disclosed herein, MITs can be oligonucleotide sequences of
ribonucleotides or deoxyribonucleotides linked through phosphodiester linkages. Nucleotides as
disclosed herein can refer to both ribonucleotides and deoxyribonucleotides and a skilled artisan
will recognize when cither form is relevant for a particular application. In certain embodiments,
the nuclcotides can be sclected from the group of naturally-occurring nuclcotides consisting of
adenosine, cytidine, guanosine, uridine, S5-methyluridine, deoxyadenosine, deoxycytidine,
deoxyguanosine, deoxythymidine, and deoxyuridine. In some embodiments, the MIT's can be non-
natural nucleotides. Non-natural nucleotides can include: sets of nucleotides that bind to each
other, such as, for example, d5SICS and dNaM; metal-coordinated bases such as, for example,
2,6-bis(ethylthiomethyl)pyridine (SPy) with a silver ion and mondentate pyridine (Py) with a
copper ion; universal bases that can pair with more than one or any other base such as, for example,
2’-deoxyinosine derivatives, nitroazole analogues, and hydrophobic aromatic non-hydrogen-
bonding bases; and xDNA nucleobases with expanded bases. In certain embodiments, the
oligonucleotide sequences can be pre-determined while in other embodiments, the oligonucleotide
sequences can be degenerate.

In some embodiments, MITs include phosphodiester linkages between the natural sugars
ribose and/or deoxyribose that are attached to the nucleobase. In some embodiments, non-natural
linkages can be used. These linkages include, for example, phosphorothioate, boranophosphate,
phosphonate, and triazole linkages. In some embodiments, combinations of the non-natural
linkages and/or the phosphodiester linkages can be used. In some embodiments, peptide nucleic
acids can be used wherein the sugar backbone is instead made of repeating N-(2-aminoethyl)-
glycine units linked by peptide bonds. In any of the embodiments disclosed herein non-natural
sugars can be used in place of the ribose or deoxyribose sugar. For example, threose can be used
to generate a-(L)-threofuranosyl-(3'-2") nucleic acids (TNA). Other linkage types and sugars will

be apparent to a skilled artisan and can be used in any of the embodiments disclosed herein.
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In some embodiments, nucleotides with extra bonds between atoms of the sugar can be
used. For example, bridged or locked nucleic acids can be used in the MITs. These nucleic acids
include a bond between the 2'-position and 4’-position of a ribose sugar.

In certain embodiments, the nucleotides incorporated into the sequence of the MIT can be
appended with reactive linkers. At a later time, the reactive linkers can be mixed with an
appropriately-tagged molecule in suitable conditions for the reaction to occur. For example,
aminoallyl nucleotides can be appended that can react with molecules linked to a reactive leaving
group such as succinimidyl ester and thiol-containing nucleotides can be appended that can react
with molcculcs linked to arcactive Icaving group such as malcimidc. In other embodiments, biotin-
linked nucleotides can be uscd in the scquence of the MIT that can bind streptavidin-tagged
molecules.

Various combinations of the natural nucleotides, non-natural nucleotides, phosphodiester
linkages, non-natural linkages, natural sugars, non-natural sugars, peptide nucleic acids, bridged
nucleic acids, locked nucleic acids, and nucleotides with appended reactive linkers will be
recognized by a skilled artisan and can be used to form MITs in any of the embodiments disclosed

herein.

Error Modeling

Relerring now (o FIG. 8, an illustration of a base-specilic analysis and a molil-speciflic
analysis of a sample are shown. The conventional approach includes at least four steps:
determining a set of specific targets to assay (BLOCK 110), running a large number of test assays
on the specific targets to generate target-specific statistics (BLOCK 112), sequencing a sample
(BLOCK 114), and calling mutations for the specific targets using the generated statistics (BLOCK
116).

At BLOCK 110, a set of specific targets to be assayed is determine. Calling mutation using
the conventional approach shown in FIG. 8 is limited to calling mutations for the specific targets
determined at BLOCK 110. At BLOCK 112, dozens or hundreds of test assays may be performed
for each target of interest (each target determined in BLOCK 110) to generate test data. For
example, the test assays may include performing a PCR process on genetic segments extracted
from a test sample. The amplified result of the PCR process may be exhaustively sequenced to

generate background error statistics. For example, errors or mutations detected in the amplified
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result may be ascribed to errors induced by the PCR process, and a PCR propagation error rate
may be estimated for the genetic sequences being assayed. A large number of test assays may be
performed for each specific target to improve the estimate of the PCR propagation error rate.

At BLOCK 114, a genetic sample can be sequenced, and at BLOCK 116 mutations can be
called using the determined PCR propagation error rate to account for at least some background
error, and/or using other statistics generated at BLOCK 112. Mutations can only be called for the
specific targets for which statistics were generated at BLOCK 112. Thus, to call mutations for a
large number of targets of the sequenced sample, a very large number of test assays are performed,
which can be cxpensive and time consuming.

The motif-specific approach improves on the conventional approach by providing for
omission of the large number of target-specific test assays. Instead of generating target-specific
statistics, an error model that provides for motif-specific statistics is used, which can be applied in
a more general manner than can the target-specific approach (e.g. can be applied to any target
having a same or similar motif as a motif used to generate test statistics). At BLOCK 120, using
the methods and systems described herein, motif-specific statistics can be generated, which can
constitute, or be used as part of, a motif-specific error model. Once a motif-specific error model
has been established, the motif-specific approach can be implemented by sequencing a sample at
BLOCK 122 and by calling mutations to targets having a specific motif using the motif-specific
error model at BLOCK 124. The molil-specific error model has wide applicability. For example,
a new sample can differ in at least some regards from a training sample used to generate the motif-
specific error model, and it may be desirable to sequence targets for which no target-specific
statistics exist (or for which existent statistics have an unacceptably or undesirably high degree of
uncertainty). By using the motif-specific approach that leverages the tendency of background error
to be motif-specific, the motif-specific error model can provide for accurate estimates of error
associated with target bases in a sample that have a same motif as was analyzed and incorporated
into the motif-specific error model, even though the target bases may be at different positions than
the bases included in the training data used to generate the motif-specific error model. Thus, a
large number of motif-specific test assays need not be performed for each sequencing and calling
process for a sample to be sequenced. The motif-specific approach provides for accurate estimates

of expected background error, which in turn can provide for highly accurate calling of mutations.
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The present disclosure describes systems and methods that can be used to implement the
motif-specific approach described above. The present disclosure describes statistical models,
algorithms, and their implementation (e.g. for recurrence monitoring (RM)). RM can detect tumor
specific mutations (targets) in a subject’s plasma that are contributed by circulating tumor DNA
(ctDNA). For that purpose targeted sequencing of a subject’s plasma sample can be employed.
Denoting the number of reads for a mutation at a certain position by £ and the total number of
reads at this position by X, and assuming that £ comes from a Beta-Binomial distribution with
parameters X and p(o, f)

E~BBX,p(a.p)) (D
where p comes from Beta distribution with parameters o and £ that are functions of replication
efficiency and background error specific to sample preparation, these parameters can be estimated
from a set of training samples with no mutations. In addition, these parameters are considered to
be dependent on the fraction of ctDNA having the mutation, also called the real error as opposed
to the background error of the PCR process generated in sample preparation. Since the fraction of
ctDNA present in the plasma sample may be unknown, a and £ can be evaluated on a grid of
values, and a mutation fraction that produces the highest probability for the data can be selected.
Training or Sample Data Preparation

In some RM applications, samples are prepared in the lab in the course of two separate
PCR reactions. After each reaction, only a portion of the product is passed to the next stage. This
may be referred to as subsampling. To simplify computations, the present disclosure model the
process by one PCR reaction with combined subsampling as illustrated in FIG. 9.

Some example implementations consider a total sub-sampling rate of 6 X 10~° to model
the process. The model assumes that a) the replication rate, or efficiency, p is constant from cycle
to cycle; b) error rate p, is small compared to replication rate; ¢) an error occurs only once in the
replication process, meaning that if a nucleotide base is substituted by another it will keep
replicating unchanged for the rest of the process.

Number of PCR cycles

An RM variant calling algorithm estimates random SNV or indel error rate during the PCR
reaction. The resulting frequency of PCR induced mutations depends on the number of PCR cycles
that sample goes through. The number of cycles increases dynamically for samples with low initial

DNA amounts as the saturation is reached later. Only the library preparation PCR reaction is
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affected by variable number of cycles. The starcoding reaction (targeted amplification and
barcoding) is assumed to have the same number of cycles. Therefore, the total number of cycles is
given by Neorar = Nupprep + Nstarcoding- Based on the DNA input amount to library preparation
step the algorithm estimates the total number of cycles to compute the expected PCR error more
accurately. The number of cycles during library preparation is computed assuming the following
starting_copies x (1 + p)™PPTeP x libprep_loss = libprep_outpui_copies, where p is replication

efficiency taken to be 0.9, libprep_loss is 0.75, libprep_output_copies = 3 * 10°, and

Xinput

starting _copies = ————
§-cop 3.3¥1073"

where xinputis the DNA input amount in nanograms (ng). The
Nstarcoding 18 calibrated from the data to generated 10* starting copies for samples with 33 ng input
amount.
Estimating a Mutation Fraction Distribution and Parameters

Estimating the above mentioned parameters o and £ from the expectation and variance of

the error rate can be implemented as follows. If u is the expectation of the error rate after the PCR

proccss and var is its variance as in
= EE
p= E 2
var = W(%) 3)
then a and f of the corresponding Beta distribution are computed as

a=ptt—y @

p=ay—1 ()

The following expansion can be used to estimate u and var

_ EY _E(E)  Cov(EX) | EE)VX)

_w(E) . V&  2B@covEX) | (BE) V)
var = W(X) T (ECO) (EC0)° (ECO)*

(N

Here, as defined above, X is the total number of reads and E is the number of reads for an
error base, meaning the base that is different from the reference base. Since there are three possible
changes from the reference (e.g. A can change to T, C, or (), there will be three expected error
rates, one per each mutant base, or channel. The total error counts come from at least two sources

- mutation in tumor DNA that is present before replication process and an erroneous substitution
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during the PCR process used in sample preparation. The former is referred to as the real error, and
the latter as the background error.
E=E"+EP (8

To determine a mutation fraction, or a probability distribution thereof, the replication
efficiency and the probability of the background error per cycle is estimated from a set of training
samples that are not expected to have any real mutations. Then, the starting count (or starting copy)
is estimated based on the PCR efficiency. Using this estimate, the expectation and variance of total
and error counts after the PCR process are computed, and can be plugged into Equations 6 and 7.
Then, using Equations 4 and 5, the mutation fraction distribution parameters a and f can be
determined.
Modeling of the PCR Process and Useful Formulas

Assuming that at each PCR cycle n a) new DNA molecules are generated from the
molecules present at the end of the previous cycle n - 1 as governed by a binomial random process;
b) molecules with a background error come [rom replication of errors from the previous cycle and
new errors that occur at the current cycle randomly according the binomial random process with
probability of error p., having zero background errors present at the beginning of the PCR process;
¢) replication error occurs once per molecule and is not reversible; d) real errors are replicated with
the same efficiency as normal molecules and their initial quantity is a fraction of the total molecules
(e.g. if the starting copy is denoted by Xo then there are f Xo mutant molecules among them), then

Xn = Xn-1~B(Xn_1,p)

Ef —Ep_1~B((Xn-1— Ef_1).pe) + B(EZ_1,p) (9

Ey = fXo
Several values of fcan be considered to find one that fits the data best.
1. Expectation and Variance of Total Reads

From Equations 9, the expectation of the number of total reads conditioned on replication
efficiency is given by

EXnlp) = EXpoalp) + pEXy—1lp) = (1 + p)"E(X,)  (10)
The variance of this variable is given by

V(Xnlp) = p(1 = PEXp—1[p) + V(X |p)

=1 -p)A+p)" (A +p)" - DEX) + (1 +p)*"V(Xo) (1D
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Here the last equality in each equation is produced by solving the recursive relation from the first
part of the equation.
2, Expectation and Variance for the Real Error Reads
Similarly to the total number of reads, for the real error the following equations apply:
E(En|p) = f(1 + p)"E(Xo)
VELP) =fA-p(1+p)™" " (1 +p)" = D)EX,) + (12)
f2(1+p)*"V(Xo)
3. Expectation and Variance for Background Error
For the sake of shortening the notations, in this section explicit reference to conditioning
on p is omitted, but the statistics are conditional on p.
Expectation of Background Error Reads
From Equations 9:
E(ER|ER-1Xn-1) = (1 + P)Ep_1 + pe(Xn-1 — Ex_1)
which gives
E(ER) = (1+p = p)E(ER_1) + PeE(Xn-1)
= (1+p — pIE(ER-1) + pe(1 + p)" T E(Xo)
where Equation 10 was used. Solving the recursive relation provides
E(ER) = ((1+p)" — (1 +p — pe)ME(X0)
= (1+p)"(1 = (1= 77 MEX0)

For subsequent derivations, the approximation of this expression that comes from the equation
above under the assumption that p. « p is used

E(Ey ~ npe(1+p)" " E(Xo) (13)
Variance of Background Error Reads

Some intermediate expressions that will be used in the following derivation are as follows:

[E(E,’HE}L’_an_l) =A+p-— Pe)ErlZ—1 + peXn-1 (14)

V(ER |ER-1Xn-1) = @(1 = P) = Pe(1 —pe(1 = ped)Er-1 + pe(1 = p)Xp-1  (15)
These follow directly from Equation 9. In deriving the last equation, the fact that
Cov(B(EL, p),B(X,, — EL,p.) = 0 was used.

With these, the variance term for the background error can be written as
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V(ED) = E(V(EL|EL -1 X)) + V (E(ER|EE_ X)) =

= E((p(1 —p) —Pe(1 = pe))En_y + E(pe(1 — Pe)Xn-1) +

+V((1 +p = Pe))En—1 + PeXp_y =(16)

= (P = p) = pe(1 = p))E(En_1) + pe(1 = p)EXn-1) +

+PEV(Xn-1) + 2pe (1 +p — pICov(Ep_1, Xpn-1) + (1 +p — p)*V(Er_1)
In the last equation, all terms except the last two have been computed. The very last term is used
in a recursive relation that can provide the solution for variance. Thus the only term left to compute
is the covariance.

The covariance lerm is compuled separaltely since it is going to be uselul by itself for the
covariance of the total error with the total reads that enters Equations 6.

Cov(EL, X)) = E(Cov(EE, X, |EE_1Xnoq) +
+Cov (E(EF|EL- 1 Xn1 ) E(Xn| EE_1 X0 1)) =
= E(Cov(EL_y + B(EE_1,p) + B(Xn—1 — EE_1,Pe), Xn1 + B(Xp_1, PI|EE 1 X 1))
+Cov (E(E};|E};_1Xn_1), IE(Xn|E};_1Xn_1)) =T, +T,
Here B(...) stands for a random variable distributed according to binomial distribution with

corresponding parameters, as defined in Equation 9. Two terms in the above equation are denoted

by 7'; and T2 and are computed separately below. For the next step in derivation, the expression
B(Xy-1,p) = B(Ep_1,p) + B(Xp-1 — Ef_1,P)
is used, which holds if X,,_;and E2_, are constants as opposed to random variables. This is satisfied

because these expressions enter conditional statistics. Using this, for the first term:
Ty = E(Cov(B(EL_1,9), B(Xn—1, P)|EB_1Xp-1) +
4 Cov(B (X s = F2,pe) Bt 1, PYEE 1Ky =
= E(Cov(B(Eb1,p), B(EL1p) + B(Xus — B2y, p)|E2-1 X s) +
+Cov(B(Xn-1 — ES—1,Pe), B(ES-1,P) + B(Xner — ES—1, P BBy 2Xn_1)) =
= E(Cov(B(ER-1,p), B(Ef-1, P)|ER-1Xn-1) +
+Cov(B(ES-1,p), BXn-1 — Ej—1, P)EL_1 Xnos) +
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+Cov(B(Xn-1 — E_y.pe), B(ES-1, P)|EB-1Xnoy) +

+Cov (B(Xpoy — FE_1,pe) B(Xn-1 — EB_y, p)|EE_1 Xn1))
where the two crossed out terms amount to zero due to considerations for the physical process
being modelled. The first crossed out term describes replication of error and normal molecules
that, while conditioned on X,,_;and E2_,, is uncorrelated. The second crossed out term describes
replication of error molecules and creation of new error molecules which are independent.
Proceeding with evaluation of 77 :

Ty = E(V(B(EE 1.p)|EE 1 Xno1) +

+Cov(B(Xnr = E2_1,00), B(Xns — B2, D)|E2_ 1 X))

=p(1 = PE(E-1) + pe(1 = P)EX g — Ef_1)

Here, the first term follows from the definition of variance for binomial distribution. The
second term uses the following property: for two random binomial variables, ¥ and Z distributed
as Y ~ B(n, p) and Z ~ B(Y, g) then

Cov(Y,Z) = E(YZ) —E(Y)E(Z) = E(E(YZ|Y)) — npE(E(Z|Y) =

= E(YE(Z|Y)) — n®p?q = E(qY?) — n®p?q =

= q(np(1 - p) +n?p?) —n’p?q = qpn(1 —p)
In the present case, Y represents the number of normal molecules replicating at cycle n — 1 and Z
- number of error molecules generated out of those molecules, and p. represents the probability of
error given the probability of replication, so it is effectively p, in the example above.

The second term, 7> for the covariance expression is pretty straight forward.

T, = Cov((1+p —p)Ep_1 + PeXn-1, (1 +p)Xp_y) =
= A +p)A+p —p)Cov(Ep_y, Xn_1) + pe(1 + pPIV(Xn_y)
Putting together all the terms for covariance expression, a recursive relation is obtained:
Cov(EL, X,) = (1 +p)(1 +p — pe)Cov(El—y, Xner) + po(1 — p)(1 + p)*"E(Xo)
Thus, a solution to the recursive relation in the following form would be useful:
Ay = C10py_1 + d?@™D 4+ co(n — 1)d™ 2
with
a, = Cov(EL, X,)
¢ =A+p)A+p-—pe)
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c2 = pe(1 —p)E(Xo) + pe(1 + p)V(Xy)
s + (P = pe) (1 — pIp.E(Xo)
d=(1+p)
After applying the recursive formula n times, the following pattern emerges:
a, = citag +
+e (e + T2 + APTR(AD2 A+ o+ o (A2 + (dHMY) +
+c3%(c{1‘1 +c?d + o+ d™2 +dY) =
ct — (dH" 0 c}t —d"
=y cl——dz + c3 %ﬁ
where the formula for the sum of geometric progression S, = Y7_,s" %tk = s? Y7_(Y/)F =
(sl —¢"*1) /(s — t) was used. Substituting all the coefficients and simplifying the expression

provides the answer for covariance between the background error counts and the total number of

reads as
Cov(Ep, Xy) = n(1+ p)*" ?p, (1 — pIEX,) +
+n(1 +p)*" 72 (1 + p)p. V(Xo) +
+(L+p)?PE =R E(X) — (17)

1—

—(1+p)" pe =~ E(Xo)

p-p
Substituting Equation 17 back into Equation 16 and grouping similar terms, the recursive
relation for the variance is
VED = V(e )+c(1+p) "t +cs(n— DA +p)" 2 +
+cy (1 +p)2 D +cg(n— (L +p)t
with coefficients in this expression defined as

¢, =1+p)?—2(1+p)p. + p?

_ pé(1—p(p +2)
Cyr = (pe - g - p(l + p) )IE(XO)
c3 = (Pep(1 —p) — P2 E(X,)
_ 1-p)(p+2)
Cy, = ng(XO) + Pez p(1+p) E(Xo)
cs = 2pZ((1 — p?EX,) + (1 + p)?V (X)) (18)
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where only terms up to p2 are kept. Going through a similar process as for Cov to solve this

recursive relation, the solution for the variance of background error

clt—xn cP—x—nx™"1(c;—x)
V(EEppe) = 2= + 3= :

€1—X% (c1—x)?

(19)

is obtained, where the coelficients deflined above and notations
x=1+p
y =(1+p)?
are used.
Overview of Some Implementations
The derivations in the previous sections produce quantities conditioned on replication
efficiency per cycle p and error rate per cycle p.. In order to evaluate absolute quantity @, the

following equations can be used
1
B(Q) = E(EQIP) = | E(@Ipf@dp
0

V(Q) = E(V(QIp)) + V(E(QIp))
where f(p) stands for distribution of p that is to be estimated from the data. To remove conditioning
on pe. the mean and variance of error rate is estimated and used to evaluate expressions as pe =
mean(pe) and pZ = var(p,) + mean(p,)?. It is also useful to compute E(X,) and V(X;) from
data. Sequencing data including reads at targeted positions in a genome can be used. The present
description distinguishes between a reference read Ry, counts for the base specified in the reference
genome, and error reads R., counts for the bases different from reference. The total reads, then,

are defined as R = R” + Ynonrey R® With these definitions, the following can be implemented.

4. Estimation of Efficiency and Error from the Training Data

Using a set of normal samples that are not expected to have any cancer related mutation,
the efficiency can be estimated from relation R = (1 + p)”Xp at each position. Assuming that starting
copy or count Xy is the same for each position, and assigning some arbitrary (relatively high)
efficiency p* to positions with number of reads R* in high percentile (e.g. 99 percentile),

1+p _ (R/Xo)Y/™

rR.L . )
1+p= - (R*/Xo)l/n = p = (E)n(l + p ) - 1 (20)

Using this estimate for efficiency, the error rate per cycle at each position can be estimated from

Equation 13 as
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R€ __R°(1+p)
n@+p)*1x, nR

Pe = (21)

The mean and standard deviation of these quantities are found for each position by computing
the statistics over multiple normal samples supplied in the data set. These values are later combined
over bases sharing the same motifs, as described in more detail herein, and can be saved to be used
for calling mutations in different samples.

5. Estimation of Starting Copy for a Test Sample
Using the mean and standard deviation of efficiency for each position found previously

from normal samples, the starting copy at each position for a test sample can be estimated as
1 R

where f(p) = B(a, ) is the beta distribution with parameters o and B found from mean and
standard deviation of efficiency. The mean and standard deviation of Xo over positions belonging
to the same sequenced genetic fragment can be computed and assigned to each position in the
fragment.
6. Adjusting Efficiency for a Test Sample

In some implementations, an update or correction of the efficiency values can be performed
based on the found staring copy according to

p = [(GDV" — Dg(x0)dxo(23)
where g(x0) = N (W, 0) is normal distribution with mcan and standard deviation found for
starting copy at particular position.
Training Algorithms

In order to determine the mutation fraction distribution, appropriate training can be used to

estimate the distribution parameters.
7. Base specific training

For base specific training, the model parameters for each base can be estimated separately
in the target panel. A basic assumption of this training process is that each base in the panel has a
certain amplification rate and error rate. For this training method to work, control samples from
normal subjects can be used. For example, 20-30 normal samples to estimate model parameters
using base specific training can be used. The below algorithm outlines a basic flowchart of a base
specific error model.

Algorithm 1 Base specific training algorithm
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Training: D;; = (R;x , RefAllele;, Aix, Cit, Gix, Tix) where i € {1,2, ..., B} denotes a base and k €
{1,2, ..., n} denotes a sample, RefAllele; is the reference / wildtype allele for base i, R is the total
depth of reads, Aix, Cik, Gii Tik are the number of reads from alleles A, C, G, T respectively.
Test: D/F%¢ = (R, RefAllele;, A]¢%,C]°, G, T[*Y) for i =1,2,..,B. Mutation call
confidence scores for non-reference alleles in the test set for all bases 1, 2, ..., B.

fori=1,2,....,Bdo

1. Estimate efficiency and error from training data as explained above for base 7, using the
data Dx.

2. Estimate starting copy for base i for test data at base i, using methods described above;

3. Adjust efficiency parameter at base i using methods described above.

4. For a grid of values of @ € [0, T;,44] (Where Tmax is ideally 1 but for practical purpose, it

suffices to set Tmax = 0.15) of candidate mutation fractions, plug in the estimated efficiency and
crror parameters in cquation (6) and (7) to compute the likeclihood L(6) of test data using the beta-

binomial model in (1).

5. Find Maximum Likelihood Estimate of 0, 8y, := argmaxyL(0)
. _ LBmLE)
6. Compute confidence score as C = TOmie) 1O

8. Motif-specific Training

Motif-specific training are uselul in part because the sequence context around the base of
interest contributes to the PCR error rate. Thus an error model can be generated (rom (raining data
for each 3-base motif such that a base of interest is always the middle base. Other motifs can be
used alternatively or additionally. For example, a motif may include one or more adjacent bases
on only one side of the target base, or may include a symmetric (equal) or an asymmetric (not
equal) number of bases on the two sides of the target base. Any number of adjacent bases may be
defined as a motif. The motif specific error model estimates the middle base error parameters for
each motif keeping the flanking bases same (e.g. estimates the error parameters for ATA — ACA,

GTIC — GAC, etc.). For example, in some implementations the algorithm estimates the error for

AAAATC — AAAACC
GATCA — GACCA
GTGGC — GCGGC

137



10

15

20

25

WO 2020/010255 PCT/US2019/040603

Dynamic flanking bases may also be implemented, and motifs may be variable based on the
sequence context. In some embodiments, the motif comprises 1, 2, 3, 4, or 5 adjacent bases before
the target base. In some embodiments, the motif comprises 1, 2, 3, 4, or 5 adjacent bases after the
target base.

Estimating Parameters for Motifs

Some implementations include performing the following steps:

1. From the training set, remove (bases, channel) data pairs for error rates more than or equal
to o, where o = min{a predetermined number (e.g. 0.2), a predetermined percentile of the error

ratcs in the training sample (c.g. the 99® pereentile) }.

2. Compute per cycle crror ratc per basc per channcl.
3. Compute mean and variance per motif using a grouped or pooled mean and variance
formula. For example if uj, p2, ..., un are the means and o2, 62, ..., 62 are the variances error rates

of bases that share the same motif, then the pooled mean and variance may be calculated as

n
1
Hpooled = ;z i
i=1

1 n
2 _ 2
Opooled = zz 0;
i=1
4. If there are multiple training runs, then the pooling can be done stepwise, first pooling

samples in individual runs and then pooling all runs. While pooling runs, the error rates can be
wcighted by number of occurrences of the motif in the run. In other implementations, the crror
ratcs arc averaged without weighting.
5. Since the efficiency is not necessarily a function of motif, the efficiency parameter for each
motif need not be averaged separately. Instead the mean and variances of the efficiency parameter
is averaged over all samples to come up with one prior estimate for efficiency parameters. This
prior estimate is no-longer position dependent. In other implementations, the efficiency parameter
may be determined on a motif-specific basis, similarly to the determination of the motif-specific
error rates.

Some implementations include fitting a regression model of the estimated efficiency values
using the amplicon GC content, temperature, and so forth, as covariates and using this model to
estimate the prior parameters instead of using a constant prior.

Algorithm 2 Motif specific training algorithm
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Training Data: D;; = (Ri« , RefAllele;, Aix, Cik, Gik, Tik) where i € {1,2, . BTmming} denotes a
base and k € {1,2, ..., n} denoles a sample, RelAllele; is the relerence / wildtype allele for base I,
Rix is the total depth of reads, Aix, Cixi, Gik, Tix are the number of reads from alleles A, C, G, T
respectively. M, « denotes the motif for the i-th base in sample k where M, , € M := {X,; X, X3} such
that X; € {4,C, G, T}Vj

Test Data: D/ £t = (R ®°* RefAllele;, A{ ¢, Y, G/, T ¢, M ¢*) for i = 1,2, ..., Brestpata-
Rcsult: Mutation call confidence scores for non-reference alleles in the test sct for all bascs
12, ..,B.

for Training do > Training Block
1: 1. Let o = min{a predetermined threshold, a predetermined percentile of observed
hetrates in the training data.

2. Vi=1,2, -, Brunig; Yk =1, 2, - -, n, compute per cycle elfliciency p; and
error rate pe,i,k using the data D;x. If hetrate is > « for some (base,channel) combination, then skip
error estimation for that combination.

3. Group the bases by motifs such that bases sharing the same motif are assigned to

same group, forming M groups.

4. vm € M, compute mean and variance of error rates for m using the grouped data.
5. Pool all bases together to compute the mean and variance of the efficiency
parameter.
fori=1,2, - -, Bressdo > Test Block
2: 1. If the motif for base i is m;, use universal efficiency parameters from last step and

crror paramcters for motif m; for subscquent steps.

2. Estimatc starting copy for basc ? for tcst data at basc i.
3. Adjust efficiency parameter at base i.
4, For a grid of values of & € [0, Tmax] (Where Tmax is ideally 1 but for practical purpose,

it suffices to set Tmax = 0.15) for candidate mutation fractions, plug in the estimated efficiency and
error parameters in equation (6) and (7) to compute the likelihood L(60) of test data using the beta-

binomial model in (1).

5. Find Maximum Likelihood Estimate of 6, 0, 8,,,z == argmaxgL(0).
. - - _ _ LBmLE)
6. Compute confidence score as C = LOmie) +LO)
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Referring now to FIG. 10, FIG. 10 is a block diagram showing an embodiment of an error
analysis system 300. The error analysis system 300 can include one or more processors 301, and
a memory 302. The one or more processors 301 may include one or more microprocessors,
application-specific integrated circuits (ASIC), a field-programmable gate arrays (FPGA), etc., or
combinations thereof. The memory 302 may include, but is not limited to, electronic, magnetic, or
any other storage or transmission device capable of providing processor with program instructions.
The memory may include magnetic disk, memory chip, read-only memory (ROM), random-access
memory (RAM), Electrically Erasable Programmable Read-Only Memory (EEPROM), erasable
programmable rcad only memory (EPROM), flash memory, or any other suitable memory from
which processor can rcad instructions. The memory 302 may include componcnts, subsystcms,
modules, scripts, applications, or one or more sets of processor-executable instructions for
implementing error analysis processes, including any processes described herein. For example, the
memory 302 may include training data 304, a replication efficiency analyzer 306, a replication
error analyzer 312, a statistics engine 314, an initial count estimator 318, a distribution determiner
320, and a mutation caller 322.

The training data 304 can include, for example, data of the following type: (R;« , RefAllele;,
Air, Cik, Gir, Tir) where i € {1,2, ...,BTmining} denotes a base and k € {1,2, ..., n} denotes a
sample, RefAllele; is the reference / wildtype allele for base 1, R« is the total depth of reads, Aix,
Citi, Gix, Tix are the number of reads from alleles A, C, G, T respectively. M;« denotes the motif
for the i-th base in sample k where M;; € M := {X;X,X3} such that X; € {A,C, G,T}Vj. The
training data may be derived from one or more one or more samples taken from one or more
subjects. The training data may include only genetic material that does not include mutations of
interest (e.g. mutations for which a mutation fraction is being determined).

The replication efficiency analyzer 306 may include components, subsystems, modules,
scripts, applications, or one or more sets of processor-executable instructions for determining a
replication efficiency of a PCR process, using the training data. The replication efficiency analyzer
306 may include an initial efficiency estimator 308 that determines an initial estimate of the
replication efficiency. For example, the replication efficiency analyzer 306 may estimate the
replication cfficicney from the relation R = (1 + p)”Xp at cach position. The replication cfficicney
analyzer 306 may determine the initial replication efficiency estimate using Equation 20. The

replication efficiency analyzer 306 may include an efficiency updater 310. The efficiency updater
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310 may update or correct an initial efficiency estimate using an initial count determined by the
initial count estimator 318 (described in more detail below). The efficiency updater 310 may
update or correct the initial efficiency estimate using Equation 23.

The replication error analyzer 312 may include components, subsystems, modules, scripts,
applications, or one or more sets of processor-executable instructions for determining a replication
error rate. For example, the replication error analyzer 312 can determine an error rate per cycle at
each position using equation 21. The determined error rate may correspond to background error,
including error induced by the PCR process. The replication error analyzer 312 can determine the
crror ratc per cycle at cach position using the training data (c.g. bascd on thec number of crroncous
rcads and thc total numbecer of rcads madc).

The statistics engine 314 may include components, subsystems, modules, scripts,
applications, or one or more sets of processor-executable instructions for determining statistical
values for the replication efficiencies determined by the replication efficiency analyzer 306, and
for the replication error rates determined by the replication error analyzer 312. For example, the
statistics engine 314 may determine a mean or estimated replication efficiency based on the
replication efficiencies determined by the replication efficiency analyzer 306, and may determine
a variance thereof. For example, the statistics engine 314 may determine the mean over all samples
analyzed samples in a position-independent manner.

The statistics engine 314 may delermine a mean or estimaled replication error rate, and
variance thereof, based on the replication error rates determined by the replication error analyzer
312. The mean or estimated replication error rate may be motif-specific. For example, the statistics
engine 314 may include a motif aggregator 316 that groups the target bases to be analyzed by motif
(that is, into groups in which all target bases of the group have a same motif). In some
implementations, the motif aggregator 316 references a data structure that specifies motif
parameters (e.g. a first number of adjacent bases sequentially prior to the target base, and a second
number of adjacent bases sequentially following the target base) that define the motifs. For
example, if a plurality of mean replication error rates uy, uz, ..., 4n and a plurality of variances
thereof 62, 0%, ..., 02 are determined by the statistics engine 314 based on data determined by the

replication error analyzer 312, the motif-specific grouped mean and variance may be calculated as
n
1
Hpooled = ;Z Ui
i=1
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1 n
2 — 2
Opooled = z § 0j

i=1
The grouping can be done stepwise, first grouping samples in individual runs and then grouping
all runs. While grouping runs, the error rates can be weighted by number of occurrences of the
motif in the run. In other implementations, the error rates are averaged without weighting.

The statistics engine 314 may implement a filtering policy to sanitize the data. For example,
the statistics engine 314 may remove from the training set (bases, channel) data pairs for error rates
more than or equal to o, where a = min{a predetermined number (e.g. 0.2), a predetermined
percentile of the error rates in the training sample (e.g. the 99% percentile)}.

The initial count estimator 318 may include components, subsystems, modules, scripts,
applications, or one or more sets of processor-executable instructions for determining an initial
count of a target base for one or more samples. For example, the initial count estimator 318 may
use Equation 22 to determine a plurality of initial count estimates for each base being analyzed.
The initial count estimator 318 (or, in some implementations, the statistics engine 314) may
determine a plurality of estimates or mean values [or the initial count, and variances thereol, over
positions belonging to a same sequenced genetic fragment, and may assign those values to each
position in the genetic fragment. Those values may be used by the initial efficiency updater 310 to
update an initial efficiency estimate, as described herein.

The distribution determiner 320 may include components, subsystems, modules, scripts,
applications, or one or more sets of processor-executable instructions for determining parameters
for a distribution representing a mutation fraction of one or more analyzed samples. For example,
the distribution determiner 320 may determine parameters for a Beta Binomial distribution of the
mutation fraction. The distribution determiner 320 may, for a grid of values of @ € [0, Tmax] (Where
Tmax 18 1deally 1 but for practical purpose, it suffices to set Tmax = 0.15) for candidate mutation
fractions, plug in thc cstimatcd cfficiency and crror paramcters in to cquation (6) and (7) to
compute the likelihood L(8) of tcst data using the beta- binomial model in (1). The distribution
determiner 320 may select a highest likelihood mutation fraction as the determined mutation
fraction for the one or more analyzed samples.

The mutation caller 322 may include components, subsystems, modules, scripts,
applications, or one or more sets of processor-executable instructions for determining parameters

for calling mutations. The mutation caller 322 may call mutations based on one or more parameter
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values being equal to, or above, a predetermined threshold. For example, the parameter values can
include a mutation fraction, an absolute number of detected errors or mutations, or a number of
standard deviations by which those parameter values deviate from a reference or mean value. The
mutation caller 322 may also determine a confidence corresponding to the called mutation (e.g.
based at least in part on a difference between the parameter value and the threshold).

Referring now to FIG. 11, a method for calling a mutation using a motif-specific error
model is shown. The method includes BLOCK 402 through BLOCK 410. In a brief overview, at
BLOCK 402, the error analysis system 300 determines, for each target base of a plurality of target
bascs, a respective valuc for a background crror paramcter bascd on training data. At BLOCK 404,
the crror analysis system 300 identifics a respective motif for cach target basc. At BLOCK 406,
the error analysis system 300 groups the target bases into groups, each group corresponding to a
particular motif. At BLOCK 408, the error analysis system 300 determines, for each group, a
respective motif-specific parameter value for the background error. At BLOCK 410, the error
analysis system 300 calls a mutation using the motif-specific error model and sequencing
information.

In more detail, at BLOCK 402, the error analysis system 300 determines, for each target
base of a plurality of target bases, a respective value for a background error parameter based on
training data. For example, the replication error analyzer 312 can determine an error rate per cycle
[or each target base of a plurality of target bases using equation 21. The determined error rate may
correspond to background error, including error induced by the PCR process. The replication error
analyzer 312 can determine the error rate per cycle at each position using the training data (e.g.
based on the number of erroneous reads and the total number of reads made).

At BLOCK 404, the error analysis system 300 identifies a respective motif for each target
base, and at BLOCK 406, the error analysis system 300 groups the target bases into groups, each
group corresponding to a particular motif. For example, the motif aggregator 316 references a data
structure that specifies motif parameters (e.g. a first number of adjacent bases sequentially prior to
the target base, and a second number of adjacent bases sequentially following the target base) that
define the motifs. For example, if a plurality of mean replication error rates py, 2, ..., t4n and a
plurality of variances thercof 62, 6%, ..., 02 arc determined by the statistics engine 314 based on
data determined by the replication error analyzer 312, the motif-specific grouped mean and

variance may be calculated as
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l

1
2 — 2
Opooled = ; § O;

i=1

n
1
KHpooleda = ZZ Hi
i—1
n

The grouping can be done stepwise, first grouping samples in individual runs and then grouping
all runs. While grouping runs, the error rates can be weighted by number of occurrences of the
motif in the run. In other implementations, the error rates are averaged without weighting.

At BLOCK 408, the error analysis system 300 determines, for each group, a respective
motif-specific parameter value for the background error. For example, the statistics engine 314
may delermine a mean or eslimated replication error rate, and variance thereof, [or each group
determined by the molil aggregator 316. Thus, the determined mean or estimaled replication error
rate may be motif-specific.

At BLOCK 410, the error analysis system 300 calls a mutation using the motif-specific
error model and sequencing information. For example, the distribution determiner 320 may
determine parameters for a Beta Binomial distribution of the mutation fraction. The distribution
determiner 320 may, for a grid of values of 8 € [0, Tmax] (Where Tmax is ideally 1 but for practical
purpose, it suffices to set Tmax = 0.15) for candidate mutation fractions, plug in the estimated
efficiency and error parameters in to equation (6) and (7) to compute the likelihood L(8) of test
data using the beta- binomial model in (1). The distribution determiner 320 may select a highest
likelihood mutation fraction as the determined mutation fraction for the one or more analyzed
samples. The mutation caller 322 may call mutations based on one or more parameter values being
cqual to, or above, a predctermined threshold. For example, the paramcter valucs can includce the
mutation fraction determined by the distribution determiner 320. The mutation caller 322 may also
determine a confidence corresponding to the called mutation (e.g. based at least in part on a
difference between the parameter value and the threshold). Thus, a mutation can be accurately
called using a motif-specific approach.

Referring now to FIG. 12, a method for determining a distribution for a mutation fraction
is shown. The method includes BLOCK 502 through BLOCK 512. In a brief overview, at BLOCK
502, the error analysis system 300 determines, for each target base of a plurality of target bases, a
respective replication efficiency based on training data, and a corresponding mean and variance.

At BLOCK 504, the error analysis system 300 determines [or each target base of the plurality of
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target bases, a respective replication error rate, and a corresponding mean and variance. At
BLOCK 506, the error analysis system 300 determines a plurality of motif-specific replication
error rates, and corresponding means and variances. At BLOCK 508, the error analysis system 300
determines an initial count for each of the target bases based on the mean and variance of the
corresponding replication efficiency. At BLOCK 510, the error analysis system 300 determines an
expectation and a variance of a total count for each of the target bases and an expectation and a
variance of an error count. At BLOCK 512, the error analysis system 300 determines a distribution
for the mutation fraction based on the expectation and the variance of the total count for each of
the target bascs and the cxpectation and the variance of the crror count.

In morce dctail, at BLOCK 502, the replication cfficicney analyzer 306 may dctermine an
initial estimate of the replication efficiency. For example, the replication efficiency analyzer 306
may estimate the replication efficiency from the relation R = (1 + p)"Xp at each position. The
replication efficiency analyzer 306 may determine the initial replication efficiency estimate using
Equation 20. The statistics engine 314 can determine corresponding mean values and variances.

At BLOCK 504, the replication error analyzer 312 may determine an error rate per cycle
at each position using equation 21. The determined error rate may correspond to background error,
including error induced by the PCR process. The replication error analyzer 312 can determine the
error rate per cycle at each position using the training data (e.g. based on the number of erroneous
reads and the total number of reads made). The slatistics engine 314 can delermine corresponding
mean values and variances.

At BLOCK 506, the motif aggregator 316 may group the target bases to be analyzed by
motif (that is, into groups in which all target bases of the group have a same motif). In some
implementations, the motif aggregator 316 references a data structure that specifies motif
parameters (e.g. a first number of adjacent bases sequentially prior to the target base, and a second
number of adjacent bases sequentially following the target base) that define the motifs. The
grouping can be done stepwise, first grouping samples in individual runs and then grouping all
runs. While grouping runs, the error rates can be weighted by number of occurrences of the motif
in the run. In other implementations, the error rates are averaged without weighting. The statistics
engine 314 may determine motif-specific mean or estimated replication error rates, and variances

thereof, based on the determined groups.
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At BLOCK 508, the initial count estimator 318 may use Equation 22 to determine a
plurality of initial count estimates for each base being analyzed. The initial count estimator 318
(or, in some implementations, the statistics engine 314) may determine a plurality of estimates or
mean values for the initial count, and variances thereof, over positions belonging to a same
sequenced genetic fragment, and may assign those values to each position in the genetic fragment.
Those values may be used by the initial efficiency updater 310 to update an initial efficiency
estimate, as described herein.

At BLOCK 510, the error analysis system 300 determines an expectation and a variance of
a total count for cach of the target bascs and an cxpectation and a variancc of an crror count, and
at BLOCK 512, the crror analysis system 300 dctermines a distribution for thc mutation fraction
based on the expectation and the variance of the total count for each of the target bases and the
expectation and the variance of the error count. This can include, for a grid of values of 0 € [0,
Tmax] (wWhere Tmax is ideally 1 but for practical purpose, it suffices to set Tmax =~ 0.15) for candidate
mutation fractions, plugging in the estimated efficiency and error parameters in equation (6) and
(7) to compute the likelihood L(8) of test data using the beta- binomial model in (1). The process
can further include finding a Maximum Likelihood Estimate of 8, 8, 85,5 == argmaxgL(8), and

LOmLE)

computing confidence scorc as € = ———=—,
p g L(BpLE)+L(O)

The distribution decterminer 320 may sclect a

highest likelihood mutation fraction, and may select the corresponding mutation fraction
distribution as a mutation fraction distribution corresponding to an analyzed sample. Thus, a
mutation fraction and a distribution thereof may be determined using a motif-specific approach

The above-described embodiments can be implemented in any of numerous ways. For
example, the embodiments may be implemented using hardware, software, or a combination
thereof. When implemented in software, the software code can be executed on any suitable
processor or collection of processors, whether provided in a single computer or distributed among
multiple computers. For example, the error analysis system 300 can be executed on a computer or
spccialty logic system that includes onc or morc processors.

Also, a computer may have onc or more input and output devices. These devices can be
used, among other things, to present a user interface. Examples of output devices that can be used
to provide a user interface include printers or display screens for visual presentation of output and

speakers or other sound generating devices for audible presentation of output. Examples of input
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devices that can be used for a user interface include keyboards and pointing devices, such as mice,
touch pads, and digitizing tablets. As another example, a computer may receive input information
through speech recognition or in other audible format.

Such computers may be interconnected by one or more networks in any suitable form,
including a local area network or a wide area network, such as an enterprise network, an intelligent
network (IN), or the Internet. Such networks may be based on any suitable technology and may
operate according to any suitable protocol and may include wireless networks, wired networks, or
fiber optic networks.

A computer employed to implement at Icast a portion of the functionality described hercin
may comprisc a mecmory, onc or morc proccssing units (also rceferred to hercin simply as
“processors’’), one or more communication interfaces, one or more display units, and one or more
user input devices. The memory may comprise any computer-readable media, and may store
computer instructions (also referred to herein as “processor-executable instructions”) for
implementing the various functionalities described herein. The processing unit(s) may be used to
execute the instructions. The communication interface(s) may be coupled to a wired or wireless
network, bus, or other communication means and may therefore allow the computer to transmit
communications to and/or receive communications from other devices. The display unit(s) may be
provided, for example, to allow a user to view various information in connection with execution
of the instructions. The user input device(s) may be provided, [or example, (o allow the user (o
make manual adjustments, make selections, enter data or various other information, and/or interact
in any of a variety of manners with the processor during execution of the instructions.

The various methods or processes outlined herein may be coded as software that is
executable on one or more processors that employ any one of a variety of operating systems or
platforms. Additionally, such software may be written using any of a number of suitable
programming languages and/or programming or scripting tools, and also may be compiled as
executable machine language code or intermediate code that is executed on a framework or virtual
machine.

In this respect, various inventive concepts may be embodied as a computer-readable
storage medium (or multiple computer-readable storage media) (e.g., a computer memory, one or
more floppy discs, compact discs, optical discs, magnetic tapes, flash memories, circuit

configurations in Field Programmable Gate Arrays or other semiconductor devices, or other non-
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transitory medium or tangible computer storage medium) encoded with one or more programs that,
when executed on one or more computers or other processors, perform methods that implement
the various embodiments of the present disclosure discussed above. The computer-readable
medium or media can be transportable, such that the program or programs stored thereon can be
loaded onto one or more different computers or other processors to implement various aspects of
the present disclosure as discussed above.

The terms “application” or “script” are used herein in a generic sense to refer to any type
of computer code or set of processor-executable instructions that can be employed to program a
computer or other proccssor to implement various aspects of cmbodiments as discusscd abovce.
Additionally, it should bc appreciated that according to onc aspcct, onc or morc computer
programs that when executed perform methods of the present disclosure need not reside on a single
computer or processor, but may be distributed in a modular fashion amongst a number of different
computers or processors to implement various aspects of the present disclosure.

Processor-executable instructions may be in many forms, such as program modules,
executed by one or more computers or other devices. Generally, program modules include
routines, programs, objects, components, data structures, etc. that perform particular tasks or
implement particular abstract data types. Typically, the functionality of the program modules may
be combined or distributed as desired in various embodiments.

Also, data structures may be stored in computer-readable media in any suitable form. For
simplicity of illustration, data structures may be shown to have fields that are related through
location in the data structure. Such relationships may likewise be achieved by assigning storage
for the fields with locations in a computer-readable medium that conveys relationship between the
fields. However, any suitable mechanism may be used to establish a relationship between
information in fields of a data structure, including through the use of pointers, tags, or other
mechanisms that establish relationship between data elements.

Also, various inventive concepts may be embodied as one or more methods, of which an
example has been provided. The acts performed as part of the method may be ordered in any
suitable way. Accordingly, embodiments may be constructed in which acts are performed in an
order different than illustrated, which may include performing some acts simultaneously, even

though shown as sequential acts in illustrative embodiments.
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While operations are depicted in the drawings in a particular order, such operations are not
required to be performed in the particular order shown or in sequential order, and all illustrated
operations are not required to be performed. Actions described herein can be performed in a
different order.

The separation of various system components does not require separation in all
implementations, and the described program components can be included in a single hardware or
software product.

METHOD FOR DETECTION CANCER-ASSOCIATED MUTATIONS

In further aspcct, the present disclosure provides a mcthod for detecting a mutation
associatcd with cancer, comprising: isolating cell-frec DNA from a biological samplc of a subjcct;
amplifying from the isolated cell-free DNA a plurality of single-nucleotide variant (SN V) loci that
comprise a plurality of target bases, wherein the SNV loci are known to be associated with cancer;
sequencing the amplification products to obtain sequence reads of a plurality of motifs, wherein
each motif comprises one of the plurality of target bases; and determining a mutation fraction
distribution for each of the plurality of target bases and identifying a mutation associated with
cancer based on the mutation fraction distribution. In some embodiments, the biological sample
is selected from blood, serum, plasma, and urine. In some embodiments, at least 10, or at least 20,
or at least 50, or at least 100, or at least 200, or at least 500, or at least 1,000 SNV loci known to
be associaled with cancer are amplified [rom the isolated cell-free DNA. In some embodiments,
the amplification products are sequenced with a depth of read of at least 200, or at least 500, or at
least 1,000, or at least 2,000, or at least 5,000, or at least 10,000, or at least 20,000, or at least
50,000, or at least 100,000. In some embodiments, the plurality of single nucleotide variance loci
are selected from SNV loci identified in the TCGA and COSMIC data sets for cancer.

In an additional aspect, the present disclosure provides a method for detecting a mutation
associated with early relapse or metastasis of cancer, comprising: isolating cell-free DNA from a
biological sample of a subject who has received treatment for a cancer; performing a multiplex
amplification reaction to amplify from the isolated cell-free DNA a plurality of single-nucleotide
variant (SNV) loci that comprise a plurality of target bases, wherein the SNV loci are patient-
specific SNV loci associated with the cancer for which the subject has received treatment;
sequencing the amplification products to obtain sequence reads of a plurality of motifs, wherein

each motif comprises one of the plurality of target bases; and determining a mutation fraction
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distribution for each of the plurality of target bases and identifying a mutation associated with
early relapse or metastasis of cancer based on the mutation fraction distribution. In some
embodiments, the biological sample is selected from blood, serum, plasma, and urine. In some
embodiments, the multiplex amplification reaction amplifies at least 4, or at least 8, or at least 16,
or at least 32, or at least 64, or at least 128 patient-specific SNV loci associated with the cancer for
which the subject has received treatment. In some embodiments, the amplification products are
sequenced with a depth of read of at least 200, or at least 500, or at least 1,000, or at least 2,000,
or at least 5,000, or at least 10,000, or at least 20,000, or at least 50,000, or at least 100,000. In
somc cmbodiments, the mcthod comprising collecting and analyzing a plurality of biological
samples from the patient longitudinally.

The terms "cancer” and "cancerous" refer to or describe the physiological condition in
animals that is typically characterized by unregulated cell growth. A "tumor" comprises one or
more cancerous cells. There are several main types of cancer. Carcinoma is a cancer that begins in
the skin or in tissues that line or cover internal organs. Sarcoma is a cancer that begins in bone,
cartilage, fat, muscle, blood vessels, or other connective or supportive tissue. Leukemiais a cancer
that starts in blood-forming tissue, such as the bone marrow, and causes large numbers of abnormal
blood cells to be produced and enter the blood. Lymphoma and multiple myeloma are cancers that
begin in the cells of the immune system. Central nervous system cancers are cancers that begin in
the tissues of the brain and spinal cord.

In some embodiments, the cancer comprises an acute lymphoblastic leukemia; acute
myeloid leukemia; adrenocortical carcinoma; AIDS-related cancers; AIDS-related lymphoma;
anal cancer; appendix cancer; astrocytomas; atypical teratoid/rhabdoid tumor; basal cell
carcinoma; bladder cancer; brain stem glioma; brain tumor (including brain stem glioma, central
nervous system atypical teratoid/rhabdoid tumor, central nervous system embryonal tumors,
astrocytomas, craniopharyngioma, ependymoblastoma, ependymoma, medulloblastoma,
medulloepithelioma, pineal parenchymal tumors of intermediate differentiation, supratentorial
primitive neuroectodermal tumors and pineoblastoma); breast cancer; bronchial tumors; Burkitt
lymphoma; cancer of unknown primary site; carcinoid tumor; carcinoma of unknown primary site;
central nervous system atypical teratoid/rhabdoid tumor; central nervous system embryonal
tumors; cervical cancer; childhood cancers; chordoma; chronic lymphocytic leukemia; chronic

myelogenous leukemia; chronic myeloproliferative disorders; colon cancer; colorectal cancer;
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craniopharyngioma; cutaneous T-cell lymphoma; endocrine pancreas islet cell tumors;
endometrial cancer; ependymoblastoma; ependymoma; esophageal cancer;
esthesioneuroblastoma; Ewing sarcoma; extracranial germ cell tumor; extragonadal germ cell
tumor; extrahepatic bile duct cancer; gallbladder cancer; gastric (stomach) cancer; gastrointestinal
carcinoid tumor; gastrointestinal stromal cell tumor; gastrointestinal stromal tumor (GIST);
gestational trophoblastic tumor; glioma; hairy cell leukemia; head and neck cancer; heart cancer;
Hodgkin lymphoma; hypopharyngeal cancer; intraocular melanoma; islet cell tumors; Kaposi
sarcoma; kidney cancer; Langerhans cell histiocytosis; laryngeal cancer; lip cancer; liver cancer;
malignant fibrous histiocytoma bonc cancer; medulloblastoma; mecdullocpithclioma; mclanoma;
Merkel cell carcinoma; Mecrkel cell skin carcinoma; mesothclioma; mectastatic squamous ncck
cancer with occult primary; mouth cancer; multiple endocrine neoplasia syndromes; multiple
myeloma; multiple myeloma/plasma cell neoplasm; mycosis fungoides; myelodysplastic
syndromes; myeloproliferative neoplasms; nasal cavity cancer; nasopharyngeal cancer;
neuroblastoma; Non-Hodgkin lymphoma; nonmelanoma skin cancer; non-small cell lung cancer;
oral cancer; oral cavity cancer; oropharyngeal cancer; osteosarcoma; other brain and spinal cord
tumors; ovarian cancer; ovarian epithelial cancer; ovarian germ cell tumor; ovarian low malignant
potential tumor; pancreatic cancer; papillomatosis; paranasal sinus cancer; parathyroid cancer;
pelvic cancer; penile cancer; pharyngeal cancer; pineal parenchymal tumors of intermediate
differentiation; pineoblastoma; pituitary (umor; plasma cell neoplasm/multiple myeloma;
pleuropulmonary blastoma; primary central nervous system (CNS) lymphoma; primary
hepatocellular liver cancer; prostate cancer; rectal cancer; renal cancer; renal cell (kidney) cancer;
renal cell cancer; respiratory tract cancer; retinoblastoma; rhabdomyosarcoma; salivary gland
cancer; Sezary syndrome; small cell lung cancer; small intestine cancer; soft tissue sarcoma;
squamous cell carcinoma; squamous neck cancer; stomach (gastric) cancer; supratentorial
primitive neuroectodermal tumors; T-cell lymphoma; testicular cancer; throat cancer; thymic
carcinoma; thymoma; thyroid cancer; transitional cell cancer; transitional cell cancer of the renal
pelvis and ureter; trophoblastic tumor; ureter cancer; urethral cancer; uterine cancer; uterine
sarcoma; vaginal cancer; vulvar cancer; Waldenstrom macroglobulinemia; or Wilm's tumor.

In certain examples, the methods includes identifying a confidence value for each allele
determination at each of the set of single nucleotide variance loci, which can be based at least in

part on a depth of read for the loci. The confidence limit can be set at least 75%, 80%, 85%, 90%,
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95%, 96%, 96%, 98%, or 99%. The confidence limit can be set at different levels for different
types of mutations

In any of the methods for detecting SNVs herein that include a ctDNA SNV
amplification/sequencing workflow, improved amplification parameters for multiplex PCR can be
employed. For example, wherein the amplification reaction is a PCR reaction and the annealing
temperature is between 1,2, 3,4, 5,6, 7, 8, 9, or 10°C greater than the melting temperature on the
low end of the range, and 2, 3,4, 5,6,7,8,9, 10, 11, 12, 13, 14 or 15° on the high end the range
for at least 10, 20, 25, 30, 40, 50, 06, 70, 75, 80, 90, 95 or 100% the primers of the set of primers.

In certain cmbodiments, whercin the amplification rcaction is a PCR rcaction the length of
thc anncaling step in the PCR recaction is between 10, 15, 20, 30, 45, and 60 minutcs on the low
end of the range, and 15, 20, 30, 45, 60, 120, 180, or 240 minutes on the high end of the range. In
certain embodiments, the primer concentration in the amplification, such as the PCR reaction is
between 1 and 10 nM. Furthermore, in exemplary embodiments, the primers in the set of primers,
are designed to minimize primer dimer formation.

Accordingly, in an example of any of the methods herein that include an amplification step,
the amplification reaction is a PCR reaction, the annealing temperature is between 1 and 10 °C
greater than the melting temperature of at least 90% of the primers of the set of primers, the length
of the annealing step in the PCR reaction is between 15 and 60 minutes, the primer concentration
in the amplification reaction is between 1 and 10 nM, and the primers in the sel ol primers, are
designed to minimize primer dimer formation. In a further aspect of this example, the multiplex
amplification reaction is performed under limiting primer conditions.

A sample analyzed in methods of the present invention, in certain illustrative embodiments,
is a blood sample, or a fraction thereof. Methods provided herein, in certain embodiments, are
specially adapted for amplifying DNA fragments, especially tumor DNA fragments that are found
in circulating tumor DNA (ctDNA). Such fragments are typically about 160 nucleotides in length.

It is known in the art that cell-free nucleic acid (e.g. cfDNA), can be released into the
circulation via various forms of cell death such as apoptosis, necrosis, autophagy and necroptosis.
The cfDNA, is fragmented and the size distribution of the fragments varies from 150-350 bp to >
10000 bp. (see Kalnina et al. World J Gastroenterol. 2015 Nov 7; 21(41): 11636-11653). For
example the size distributions of plasma DNA fragments in hepatocellular carcinoma (HCC)

patients spanned a range of 100-220 bp in length with a peak in count frequency at about 166bp
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and the highest tumor DNA concentration in fragments of 150-180 bp in length (see: Jiang et al.
Proc Natl Acad Sci USA 112:E1317-E1325).

In an illustrative embodiment the circulating tumor DNA (ctDNA) is isolated from blood
using EDTA-2Na tube after removal of cellular debris and platelets by centrifugation. The plasma
samples can be stored at -800C until the DNA is extracted using, for example, QIAamp DNA Mini
Kit (Qiagen, Hilden, Germany), (e.g. Hamakawa et al., Br J Cancer. 2015; 112:352-356).
Hamakava et al. reported median concentration of extracted cell free DNA of all samples 43.1 ng
per ml plasma (range 9.5—-1338 ng ml/) and a mutant fraction range of 0.001-77.8%, with a median
of 0.90%.

Mcthods of the present invention in certain cmbodiments, typically include a step of
generating and amplifying a nucleic acid library from the sample (i.e. library preparation). The
nucleic acids from the sample during the library preparation step can have ligation adapters, often
referred to as library tags or ligation adaptor tags (LLTs), appended, where the ligation adapters
contain a universal priming sequence, followed by a universal amplification. In an embodiment,
this may be done using a standard protocol designed to create sequencing libraries after
fragmentation. In an embodiment, the DNA sample can be blunt ended, and then an A can be
added at the 3° end. A Y-adaptor with a T-overhang can be added and ligated. In some
embodiments, other sticky ends can be used other than an A or T overhang. In some embodiments,
other adaptors can be added, for example looped ligation adaptors. In some embodiments, the
adaptors may have tag designed for PCR amplification.

A number of the embodiments provided herein, include detecting the SNVs in a ctDNA
sample. Such methods in illustrative embodiments, include an amplification step and a sequencing
step (Sometimes referred to herein as a “ctDNA SNV amplification/sequencing workflow). In an
illustrative example, a ctDNA amplification/sequencing workflow can include generating a set of
amplicons by performing a multiplex amplification reaction on nucleic acids isolated from a
sample of blood or a fraction thereof from an individual, such as an individual suspected of having
cancer wherein each amplicon of the set of amplicons spans at least one single nucleotide variant
loci of a set of single nucleotide variant loci, such as an SNV loci known to be associated with
cancer; and determining the sequence of at least a segment of at each amplicon of the set of
amplicons, wherein the segment comprises a single nucleotide variant loci. In this way, this

exemplary method determines the single nucleotide variants present in the sample.
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Exemplary ctDNA SNV amplification/sequencing workflows in more detail can include
forming an amplification reaction mixture by combining a polymerase, nucleotide triphosphates,
nucleic acid fragments from a nucleic acid library generated from the sample, and a set of primers
that each binds an effective distance from a single nucleotide variant loci, or a set of primer pairs
that each span an effective region that includes a single nucleotide variant loci. The single
nucleotide variant loci, in exemplary embodiments, is one known to be associated with cancer.
Then, subjecting the amplification reaction mixture to amplification conditions to generate a set of
amplicons comprising at least one single nucleotide variant loci of a set of single nucleotide variant
loci, prcferably known to be associated with cancer; and determining the sequence of at lcast a
scgment of cach amplicon of the sct of amplicons, whercin the scgment compriscs a single
nucleotide variant loci.

The effective distance of binding of the primers can be within 1, 2, 3,4, 5,6, 7, 8, 9, 10,
11, 12, 13, 14, 15, 20, 25, 30, 35, 40, 45, 50, 75, 100, 125, or 150 base pairs of a SNV loci. The
effective range that a pair of primers spans typically includes an SNV and is typically 160 base
pairs or less, and can be 150, 140, 130, 125, 100, 75, 50 or 25 base pairs or less. In other
embodiments, the effective range that a pair of primers spans is 20, 25, 30, 40, 50, 60, 70, 75, 100,
110, 120, 125, 130, 140, or 150 nucleotides from an SNV loci on the low end of the range, and 25,
30, 40, 50, 60, 70, 75, 100, 110, 120, 125, 130, 140, or 150, 160, 170, 175, or 200 on the high end
of the range.

Primer tails can improve the detection of fragmented DNA from universally tagged
libraries. If the library tag and the primer-tails contain a homologous sequence, hybridization can
be improved (for example, melting temperature (Tm) is lowered) and primers can be extended if
only a portion of the primer target sequence is in the sample DNA fragment. In some embodiments,
13 or more target specific base pairs may be used. In some embodiments, 10 to 12 target specific
base pairs may be used. In some embodiments, 8 to 9 target specific base pairs may be used. In
some embodiments, 6 to 7 target specific base pairs may be used.

In one embodiment, Libraries are generated from the samples above by ligating adaptors
to the ends of DNA fragments in the samples, or to the ends of DNA fragments generated from
DNA isolated from the samples. The fragments can then be amplified using PCR, for example,
according to the following exemplary protocol: 95°C, 2 min; 15 x [95°C, 20 sec, 55°C, 20 sec,
68°C, 20 sec], 68°C 2 min, 4°C hold.
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Many kits and methods are known in the art for generation of libraries of nucleic acids that
include universal primer binding sites for subsequent amplification, for example clonal
amplification, and for subsequence sequencing. To help facilitate ligation of adapters library
preparation and amplification can include end repair and adenylation (i.e. A-tailing). Kits
especially adapted for preparing libraries from small nucleic acid fragments, especially circulating
free DNA, can be useful for practicing methods provided herein. For example, the NEXTflex Cell
Free kits available from Bioo Scientific or the Natera Library Prep Kit (available from Natera, Inc.
San Carlos, CA). However, such kits would typically be modified to include adaptors that are
customized for the amplification and scquencing steps of the methods provided hercin. Adaptor
ligation can bc performed using commercially available kits such as the ligation kit found in the
AGILENT SURESELECT kit (Agilent, CA).

Target regions of the nucleic acid library generated from DNA isolated from the sample,
especially a circulating free DNA sample for the methods of the present invention, are then
amplified. For this amplification, a series of primers or primer pairs, which can include between
5,10, 15, 20, 25, 50, 100, 125, 150, 250, 500, 1000, 2500, 5000, 10,000, 20,000, 25,000, or 50,000
on the low end of the range and 15, 20, 25, 50, 100, 125, 150, 250, 500, 1000, 2500, 5000, 10,000,
20,000, 25,000, 50,000, 60,000, 75,000, or 100,000 primers on the upper end of the range, that
each bind to one of a series of primer binding sites.

Primer designs can be generated with Primer3 (Untergrasser A, Culcutache I, Koressaar T,
Ye J, Faircloth BC, Remm M, Rozen SG (2012) “Primer3 - new capabilities and interfaces.”
Nucleic Acids Research 40(15):e115 and Koressaar T, Remm M (2007) “Enhancements and
modifications of primer design program Primer3.” Bioinformatics 23(10):1289-91) source code
available at primer3.sourceforge.net). Primer specificity can be evaluated by BLAST and added to
existing primer design pipeline criteria:

Primer specificities can be determined using the BLASTn program from the ncbi-blast-
2.2.29+ package. The task option “blastn-short” can be used to map the primers against hgl19
human genome. Primer designs can be determined as *‘specific” if the primer has less than 100 hits
to the genome and the top hit is the target complementary primer binding region of the genome
and is at least two scores higher than other hits (score is defined by BLASTn program). This can
be done in order to have a unique hit to the genome and to not have many other hits throughout

the genome.
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The final selected primers can be visualized in IGV (James T. Robinson, Helga
Thorvaldsdéttir, Wendy Winckler, Mitchell Guttman, Eric S. Lander, Gad Getz, Jill P. Mesirov.
Integrative Genomics Viewer. Nature Biotechnology 29, 24-26 (2011)) and UCSC browser (Kent
WI, Sugnet CW, Furey TS, Roskin KM, Pringle TH, Zahler AM, Haussler D. The human genome
browser at UCSC. Genome Res. 2002 Jun;12(6):996-1006 ) using bed files and coverage maps for
validation.

Methods described herein, in certain embodiments, include forming an amplification
reaction mixture. The reaction mixture typically is formed by combining a polymerase, nucleotide
triphosphatcs, nucleic acid fragments from a nucleic acid library gencrated from the sample, a sct
of forward and rcversc primers specific for target regions that contain SNVs. The recaction mixtures
provided herein, themselves forming in illustrative embodiments, a separate aspect of the
invention.

An amplification reaction mixture useful for the present invention includes components
known in the art for nucleic acid amplification, especially for PCR amplification. For example, the
reaction mixture typically includes nucleotide triphosphates, a polymerase, and magnesium.
Polymerases that are useful for the present invention can include any polymerase that can be used
in an amplification reaction especially those that are useful in PCR reactions. In certain
embodiments, hot start Taq polymerases are especially useful. Amplification reaction mixtures
uselul for practicing the methods provided herein, such as AmpliTaq Gold master mix (Life
Technologies, Carlsbad, CA), are available commercially.

Amplification (e.g. temperature cycling) conditions for PCR are well known in the art. The
methods provided herein can include any PCR cycling conditions that result in amplification of
target nucleic acids such as target nucleic acids from a library. Non-limiting exemplary cycling
conditions are provided in the Examples section herein.

There are many workflows that are possible when conducting PCR; some workflows
typical to the methods disclosed herein are provided herein. The steps outlined herein are not meant
to exclude other possible steps nor does it imply that any of the steps described herein are required
for the method to work properly. A large number of parameter variations or other modifications
are known in the literature, and may be made without affecting the essence of the invention.

In certain embodiments of the method provided herein, at least a portion and in illustrative

examples the entire sequence of an amplicon, such as an outer primer target amplicon, is
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determined. Methods for determining the sequence of an amplicon are known in the art. Any of
the sequencing methods known in the art, e.g. Sanger sequencing, can be used for such sequence
determination. In illustrative embodiments high throughput next-generation sequencing
techniques (also referred to herein as massively parallel sequencing techniques) such as, but not
limited to, those employed in MYSEQ (ILLUMINA), HISEQ (ILLUMINA), ION TORRENT
(LIFE TECHNOLOGIES), GENOME ANALYZER ILX (ILLUMINA), GS FLEX+ (ROCHE
454), can be used for sequencing the amplicons produced by the methods provided herein.

High throughput genetic sequencers are amenable to the use of barcoding (i.e., sample
tagging with distinctive nuclcic acid sequences) so as to identify specific samples from individuals
thercby permitting the simultancous analysis of multiple samples in a single run of thc DNA
sequencer. The number of times a given region of the genome in a library preparation (or other
nucleic preparation of interest) is sequenced (number of reads) will be proportional to the number
of copies of that sequence in the genome of interest (or expression level in the case of cDNA
containing preparations). Biases in amplification efficiency can be taken into account in such
quantitative determination.

Target Genes. Target genes of the present invention in exemplary embodiments, are
cancer-related genes, and in many illustrative embodiments, cancer-related genes. A cancer-related
gene refers to a gene associated with an altered risk for a cancer or an altered prognosis for a
cancer. Exemplary cancer-related genes that promote cancer include oncogenes; genes that
enhance cell proliferation, invasion, or metastasis; genes that inhibit apoptosis; and pro-
angiogenesis genes. Cancer-related genes that inhibit cancer include, but are not limited to, tumor
suppressor genes; genes that inhibit cell proliferation, invasion, or metastasis; genes that promote
apoptosis; and anti-angiogenesis genes.

An embodiment of the mutation detection method begins with the selection of the region
of the gene that becomes the target. The region with known mutations is used to develop primers
for mPCR-NGS to amplify and detect the mutation.

Methods provided herein can be used to detect virtually any type of mutation, especially
mutations known to be associated with cancer and most particularly the methods provided herein
are directed to mutations, especially SNVs, associated with cancer. Exemplary SNVs can be in
one or more of the following genes: EGFR, FGFR1, FGFR2, ALK, MET, ROS1, NTRKI1, RET,
HER2, DDR2, PDGFRA, KRAS, NF1, BRAF, PIK3CA, MEK]1, NOTCH1, MLL2, EZH2, TET2,
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DNMT3A, SOX2, MYC, KEAPI1, CDKN2A, NRG1, TP53, LKB1, and PTEN, which have been
identified in various lung cancer samples as being mutated, having increased copy numbers, or
being fused to other genes and combinations thereof (Non-small-cell lung cancers: a
heterogeneous set of diseases. Chen et al. Nat. Rev. Cancer. 2014 Aug 14(8):535-551). In another
example, the list of genes are those listed above, where SNVs have been reported, such as in the
cited Chen et al. reference.

Other exemplary polymorphisms or mutations are in one or more of the following genes:
TP53, PTEN, PIK3CA, APC, EGFR, NRAS, NF2, FBXW7, ERBBs, ATADS, KRAS, BRAF,
VEGF, EGFR, HER2, ALK, p53, BRCA, BRCAI1, BRCA2, SETD2, LRP1B, PBRM, SPTAI,
DNMT3A, ARIDIA, GRIN2A, TRRAP, STAG2, EPHA3/5/7, POLE, SYNE1, C200rf80,
CSMD1, CTNNBI1, ERBB2. FBXW7, KIT, MUC4, ATM, CDH1, DDXI11, DDX12, DSPP,
EPPK1, FAM186A, GNAS, HRNR, KRTAP4-11, MAP2K4, MLL3, NRAS, RB1, SMAD4, TTN,
ABCC9, ACVRI1B, ADAM29, ADAMTS19, AGAP10, AKT1, AMBN, AMPD2, ANKRD30A,
ANKRD40, APOBR, AR, BIRC6, BMP2, BRATI, BTNLS, C12orf4, C1QTNF7, C200rf186,
CAPRIN2, CBWDI1, CCDC30, CCDC93, CD5L, CDC27, CDC42BPA, CDHY9, CDKN2A,
CHDS8, CHEK?2, CHRNA9, CIZ1, CLSPN, CNTN6, COL14A1, CREBBP, CROCC, CTSF,
CYP1A2, DCLKI1, DHDDS, DHX32, DKK2, DLECI1, DNAHI4, DNAHS5, DNAHY9,
DNASEI1L3, DUSP16, DYNC2H1, ECT2, EFHB, RRN3P2, TRIM49B, TUBB8P5, EPHA7,
ERBB3, ERCC6, FAM21A, FAM21C, FCGBP, FGFR2, FLG2, FLT1, FOLR2, FRYL, FSCB,
GAB1, GABRA4, GABRP, GH2, GOLGAG6L1, GPHBS5, GPR32, GPX5, GTF3C3, HECW1,
HISTIH3B, HLA-A, HRAS, HS3ST1, HS6ST1, HSPD1, IDHI1, JAK2, KDM5B, KIAA0528,
KRT15, KRT38, KRTAP21-1, KRTAP4-5, KRTAP4-7, KRTAP5-4, KRTAP5-5, LAMAA4,
LATS1, LMF1, LPAR4, LPPR4, LRRFIP1, LUM, LYST, MAP2K1, MARCHI, MARCO,
MB21D2, MEGF10, MMP16, MORC1, MRE11A, MTMR3, MUC12, MUC17, MUC2, MUC20,
NBPF10, NBPF20, NEK1, NFE2L2, NLRP4, NOTCH2, NRK, NUP93, OBSCN, ORI11HI1,
OR2B11, OR2M4, OR4Q3, OR5D13, ORS8I2, OXSM, PIK3R1, PPP2R5C, PRAME, PRF1,
PRG4, PRPF19, PTH2, PTPRC, PTPRJ, RAC1,RADS50, RBM12, RGPD3, RGS22, ROR1, RP11-
671M22.1, RP13-996F3.4, RP1L1, RSBNIL, RYR3, SAMD3, SCN3A, SEC31A, SF1, SF3B1,
SLC25A2, SLC44A1, SLC4All, SMAD2, SPTAl, ST6GAL2, STKI11, SZT2, TAFIL,
TAXI1BPI1, TBP, TGFBI, TIF1, TMEM14B, TMEM74, TPTE, TRAPPCS, TRPS1, TXNDC6,
USP32, UTP20, VASN, VPS72, WASH3P, WWTRI1, XPO1, ZFHX4, ZMIZ1, ZNF167, ZNF436,
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ZNF492, ZNF598, ZRSR2, ABL1, AKT2, AKT3, ARAF, ARFRP1, ARID2, ASXLI1, ATR,
ATRX, AURKA, AURKB, AXL, BAP1, BARDI1, BCL2, BCL2L2, BCL6, BCOR, BCORL1,
BLM, BRIP1, BTK, CARDI11, CBFB, CBL, CCNDI1, CCND2, CCND3, CCNEI1, CD79A,
CD79B, CDC73, CDK12, CDK4, CDK6, CDKS8, CDKN1B, CDKN2B, CDKN2C, CEBPA,
CHEKI1, CIC, CRKL, CRLE2, CSF1R, CTCF, CTNNA1, DAXX, DDR2, DOTIL, EMSY
(C1l1orf30), EP300, EPHA3, EPHAS, EPHB1, ERBB4, ERG, ESR1, EZH2, FAM123B (WTX),
FAM46C, FANCA, FANCC, FANCD2, FANCE, FANCF, FANCG, FANCL, FGF10, FGF14,
FGF19, FGF23, FGF3, FGF4, FGF6, FGFR 1, FGFR2, FGFR3, FGFR4, FLT3, FLT4, FOXL2,
GATAI1, GATA2, GATA3, GID4 (Cl70rf39), GNA1l, GNA13, GNAQ, GNAS, GPR124,
GSK3B, HGF, 1IDH1, IDH2, IGFIR, IKBKE, IKZF1, IL7R, INHBA, IRF4, IRS2, JAKI, JAK3,
JUN, KAT6A (MYST3), KDM5A, KDM5C, KDM6A, KDR, KEAP1, KLHL6, MAP2K?2,
MAP2K4, MAP3K1, MCL1, MDM2, MDM4, MED12, MEF2B, MEN1, MET, MITF, MLH1,
MLL, MLL2, MPL, MSH2, MSH6, MTOR, MUTYH, MYC, MYCL1, MYCN, MYDS8S8, NF1,
NFKBIA, NKX2-1, NOTCH1, NPM1, NRAS, NTRK1, NTRK2, NTRK3, PAK3, PALB2, PAXS,
PBRMI1, PDGFRA, PDGFRB, PDKI1, PIK3CG, PIK3R2, PPP2R1A, PRDMI1, PRKARIA,
PRKDC, PTCH1, PTPN11, RAD51, RAF1, RARA, RET, RICTOR, RNF43, RPTOR, RUNX1,
SMARCA4, SMARCBI1, SMO, SOCS1, SOX10, SOX2, SPEN, SPOP, SRC, STAT4, SUFU ,
TET2, TGFBR2, TNFAIP3, TNFRSF14, TOP1, TP53, TSCI1, TSC2, TSHR, VHL, WISP3, WT1,
ZNF217, ZNF703, and combinations thereol (Su et al., J Mol Diagn 2011, 13:74-84;
DOI:10.1016/j.jmoldx.2010.11.010; and Abaan et al., "The Exomes of the NCI-60 Panel: A
Genomic Resource for Cancer Biology and Systems Pharmacology”, Cancer Research, July 15,
2013, which are each hereby incorporated by reference in its entirety). Exemplary polymorphisms
or mutations can be in one or more of the following microRNAs: miR-15a, miR-16-1, miR-23a,
miR-23b, miR-24-1, miR-24-2, miR-27a, miR-27b, miR-29b-2, miR-29c, miR-146, miR-155,
miR-221, miR-222, and miR-223 (Calin et al. “A microRNA signature associated with prognosis
and progression in chronic lymphocytic leukemia.” N Engl J Med 353:1793— 801, 2005, which is
hereby incorporated by reference in its entirety).

Amplification (e.g. PCR) Reaction Mixtures

Methods of the present invention, in certain embodiments, include forming an
amplification reaction mixture. The reaction mixture typically is formed by combining a

polymerase, nucleotide triphosphates, nucleic acid fragments from a nucleic acid library generated
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from the sample, a series of forward target-specific outer primers and a first strand reverse outer
universal primer. Another illustrative embodiment is a reaction mixture that includes forward
target-specific inner primers instead of the forward target-specific outer primers and amplicons
from a first PCR reaction using the outer primers, instead of nucleic acid fragments from the
nucleic acid library. The reaction mixtures provided herein, themselves forming in illustrative
embodiments, a separate aspect of the invention. In illustrative embodiments, the reaction
mixtures are PCR reaction mixtures. PCR reaction mixtures typically include magnesium.

In some embodiments, the reaction mixture includes ethylenediaminetetraacetic acid
(EDTA), magncsium, tctramcthyl ammonium chloride (TMAC), or any combination thercof. In
somc cmbodiments, the concentration of TMAC is between 20 and 70 mM, inclusive. While not
meant to be bound to any particular theory, it is believed that TMAC binds to DNA, stabilizes
duplexes, increases primer specificity, and/or equalizes the melting temperatures of different
primers. In some embodiments, TMAC increases the uniformity in the amount of amplified
products for the different targets. In some embodiments, the concentration of magnesium (such as
magnesium from magnesium chloride) is between 1 and 8 mM.

The large number of primers used for multiplex PCR of a large number of targets may
chelate a lot of the magnesium (2 phosphates in the primers chelate 1 magnesium). For example,
if enough primers are used such that the concentration of phosphate from the primers is ~9 mM,
then the primers may reduce the efleclive magnesium concentration by ~4.5 mM. In some
embodiments, EDTA is used to decrease the amount of magnesium available as a cofactor for the
polymerase since high concentrations of magnesium can result in PCR errors, such as
amplification of non-target loci. In some embodiments, the concentration of EDTA reduces the
amount of available magnesium to between 1 and 5 mM (such as between 3 and 5 mM).

In some embodiments, the pH is between 7.5 and 8.5, such as between 7.5 and 8, 8 and 8.3,
or 8.3 and 8.5, inclusive. In some embodiments, Tris is used at, for example, a concentration of
between 10 and 100 mM, such as between 10 and 25 mM, 25 and 50 mM, 50 and 75 mM, or 25
and 75 mM, inclusive. In some embodiments, any of these concentrations of Tris are used at a pH
between 7.5 and 8.5. In some embodiments, a combination of KCI1 and (NH4)2SOxz is used, such
as between 50 and 150 mM KCI and between 10 and 90 mM (NH4)2SO4, inclusive. In some
embodiments, the concentration of KCl1 is between 0 and 30 mM, between 50 and 100 mM, or

between 100 and 150 mM, inclusive. In some embodiments, the concentration of (NH4)>SOu4 1s
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between 10 and 50 mM, 50 and 90 mM, 10 and 20 mM, 20 and 40 mM, 40 and 60 mM, or 60 and
80 mM (NH4)2SO4, inclusive. In some embodiments, the ammonium [NH4*] concentration is
between O and 160 mM, such as between O to 50, 50 to 100, or 100 to 160 mM, inclusive. In some
embodiments, the sum of the potassium and ammonium concentration ([K*] + [NH4*]) is between
0 and 160 mM, such as between O to 25, 25 to 50, 50 to 150, 50 to 75, 75 to 100, 100 to 125, or
125 to 160 mM, inclusive. An exemplary buffer with [K*] + [NH4+"] = 120 mM is 20 mM KCI and
50 mM (NH4)2S0O4. In some embodiments, the buffer includes 25 to 75 mM Tris, pH 7.2 to 8, O to
50 mM KCI, 10 to 80 mM ammonium sulfate, and 3 to 6 mM magnesium, inclusive. In some
cmbodiments, the buffer includes 25 to 75 mM Tris pH 7 to 8.5, 3 to 6 mM MgCl», 10 to 50 mM
KClI, and 20 to 80 mM (NH4)2S0a4, inclusive. In some embodiments, 100 to 200 Units/mL of
polymerase are used. In some embodiments, 100 mM KCI, 50 mM (NH4)2504, 3 mM MgCls, 7.5
nM of each primer in the library, 50 mM TMAC, and 7 ul DNA template in a 20 ul final volume
at pH 8.1 is used.

In some embodiments, a crowding agent is used, such as polyethylene glycol (PEG, such
as PEG 8,000) or glycerol. In some embodiments, the amount of PEG (such as PEG 8,000) is
between 0.1 to 20%, such as between 0.5 to 15%, 1 to 10%, 2 to 8%, or 4 to 8%, inclusive. In
some embodiments, the amount of glycerol is between 0.1 to 20%, such as between 0.5 to 15%, 1
to 10%, 2 to 8%, or 4 to 8%, inclusive. In some embodiments, a crowding agent allows either a
low polymerase concentration and/or a shorter annealing time (o be used. In some embodiments,
a crowding agent improves the uniformity of the DOR and/or reduces dropouts (undetected
alleles).

In some embodiments, a polymerase with proof-reading activity, a polymerase without (or
with negligible) proof-reading activity, or a mixture of a polymerase with proof-reading activity
and a polymerase without (or with negligible) proof-reading activity is used. In some
embodiments, a hot start polymerase, a non-hot start polymerase, or a mixture of a hot start
polymerase and a non-hot start polymerase is used. In some embodiments, a HotStarTag DNA
polymerase is used (see, for example, QIAGEN catalog No. 203203). In some embodiments,
AmpliTaq Gold® DNA Polymerase is used. In some embodiments a PrimeSTAR GXL DNA
polymerase, a high fidelity polymerase that provides efficient PCR amplification when there is
excess template in the reaction mixture, and when amplifying long products, is used (Takara

Clontech, Mountain View, CA). In some embodiments, KAPA Taq DNA Polymerase or KAPA
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Taq HotStart DNA Polymerase is used; they are based on the single-subunit, wild-type 7ag DNA
polymerase of the thermophilic bacterium Thermus aquaticus. KAPA Taq and KAPA Taq
HotStart DNA Polymerase have 5'-3' polymerase and 5'-3’ exonuclease activities, but no 3' to 5'
exonuclease (proofreading) activity (see, for example, KAPA BIOSYSTEMS -catalog No.
BK1000). In some embodiments, Pfit DNA polymerase is used; it is a highly thermostable DNA
polymerase from the hyperthermophilic archaeum Pyrococcus furiosus. The enzyme catalyzes the
template-dependent polymerization of nucleotides into duplex DNA in the 5°—3” direction. Pfu
DNA Polymerase also exhibits 3’5" exonuclease (proofreading) activity that enables the
polymcrasc to correct nuclcotide incorporation errors. It has no 5°—3” cxonuclcasc activity (scc,
for example, Thermo Scicntific catalog No. EP0501). In somc embodiments Klentaql is uscd; it
is a Klenow-fragment analog of Taq DNA polymerase, it has no exonuclease or endonuclease
activity (see, for example, DNA POLYMERASE TECHNOLOGY, Inc, St. Louis, Missouri,
catalog No. 100). In some embodiments, the polymerase is a PHUSION DNA polymerase, such
as PHUSION High Fidelity DNA polymerase (M0530S, New England Biolabs, Inc.) or
PHUSION Hot Start Flex DNA polymerase (M0535S, New England BioLabs, Inc.). In some

embodiments, the polymerase is a {33 [DNA_Polymgrase, such as Q538 High-Fidelity DBNA
Polviicrase (M0491S, New England BiolLabs, Inc.) or Q5® Hot Start High-Fidelity DNA
Polymerase (M0493S, New England BioLabs, Inc.). In some embodiments, the polymerase is a
T4 DNA polymerase (M0203S, New England BioLabs, Inc.).

In some embodiment, between 5 and 600 Units/mL (Units per 1 mL of reaction volume)
of polymerase is used, such as between 5 to 100, 100 to 200, 200 to 300, 300 to 400, 400 to 500,
or 500 to 600 Units/mL, inclusive.

PCR Methods. In some embodiments, hot-start PCR is used to reduce or prevent
polymerization prior to PCR thermocycling. Exemplary hot-start PCR methods include initial
inhibition of the DNA polymerase, or physical separation of reaction components reaction until
the reaction mixture reaches the higher temperatures. In some embodiments, slow release of
magnesium is used. DNA polymerase requires magnesium ions for activity, so the magnesium is
chemically separated from the reaction by binding to a chemical compound, and is released into
the solution only at high temperature. In some embodiments, non-covalent binding of an inhibitor
is used. In this method a peptide, antibody, or aptamer are non-covalently bound to the enzyme at

low temperature and inhibit its activity. After incubation at elevated temperature, the inhibitor is
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released and the reaction starts. In some embodiments, a cold-sensitive Taq polymerase is used,
such as a modified DNA polymerase with almost no activity at low temperature. In some
embodiments, chemical modification is used. In this method, a molecule is covalently bound to
the side chain of an amino acid in the active site of the DNA polymerase. The molecule is released
from the enzyme by incubation of the reaction mixture at elevated temperature. Once the molecule
is released, the enzyme is activated.

In some embodiments, the amount to template nucleic acids (such as an RNA or DNA
sample) is between 20 and 5,000 ng, such as between 20 to 200, 200 to 400, 400 to 600, 600 to
1,000; 1,000 to 1,500; or 2,000 to 3,000 ng, inclusivc.

In somec cmbodiments a QIAGEN Multiplex PCR Kit is used (QIAGEN catalog No.
206143). For 100 x 50 ul multiplex PCR reactions, the kit includes 2x QIAGEN Multiplex PCR
Master Mix (providing a final concentration of 3 mM MgClz, 3 x 0.85 ml), 5x Q-Solution (1 x 2.0
ml), and RNase-Free Water (2 x 1.7 ml). The QIAGEN Multiplex PCR Master Mix (MM) contains
a combination of KCI and (NH4)2S0O4 as well as the PCR additive, Factor MP, which increases the
local concentration of primers at the template. Factor MP stabilizes specifically bound primers,
allowing efficient primer extension by HotStarTaqg DNA Polymerase. HotStarTaq DNA
Polymerase is a modified form of 7ag DNA polymerase and has no polymerase activity at ambient
temperatures. In some embodiments, HotStarTaq DNA Polymerase is activated by a 15-minute
incubation at 95°C which can be incorporated into any existing thermal-cycler program.

In some embodiments, 1x QIAGEN MM final concentration (the recommended
concentration), 7.5 nM of each primer in the library, 50 mM TMAC, and 7 ul DNA template in a
20 ul final volume is used. In some embodiments, the PCR thermocycling conditions include 95°C
for 10 minutes (hot start); 20 cycles of 96°C for 30 seconds; 65°C for 15 minutes; and 72°C for 30
seconds; followed by 72°C for 2 minutes (final extension); and then a 4°C hold.

In some embodiments, 2x QIAGEN MM final concentration (twice the recommended
concentration), 2 nM of each primer in the library, 70 mM TMAC, and 7 ul DNA template in a 20
ul total volume is used. In some embodiments, up to 4 mM EDTA is also included. In some
embodiments, the PCR thermocycling conditions include 95°C for 10 minutes (hot start); 25 cycles
of 96°C for 30 seconds; 65°C for 20, 25, 30, 45, 60, 120, or 180 minutes; and optionally 72°C for
30 seconds); followed by 72°C for 2 minutes (final extension); and then a 4°C hold.
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Another exemplary set of conditions includes a semi-nested PCR approach. The first PCR
reaction uses 20 ul a reaction volume with 2x QIAGEN MM final concentration, 1.875 nM of each
primer in the library (outer forward and reverse primers), and DNA template.
Thermocycling parameters include 95°C for 10 minutes; 25 cycles of 96°C for 30 seconds, 65°C
for 1 minute, 58°C for 6 minutes, 60°C for 8 minutes, 65°C for 4 minutes, and 72°C for 30 seconds;
and then 72°C for 2 minutes, and then a 4°C hold. Next, 2 ul of the resulting product, diluted
1:200, is used as input in a second PCR reaction. This reaction uses a 10 ul reaction volume with
1x QIAGEN MM final concentration, 20 nM of each inner forward primer, and 1 uM of reverse
primer tag. Thermocycling parameters include 95°C for 10 minutes; 15 cycles of 95°C for 30
scconds, 65°C for 1 minutc, 60°C for 5 minutcs, 65°C for 5 minutcs, and 72°C for 30 scconds; and
then 72°C for 2 minutes, and then a 4°C hold. The annealing temperature can optionally be higher
than the melting temperatures of some or all of the primers, as discussed herein (see U.S. Patent
Application No. 14/918,544, filed Oct. 20, 2015, which is herein incorporated by reference in its
entirety).

The melting temperature (Tw) is the temperature at which one-half (50%) of a DNA duplex
of an oligonucleotide (such as a primer) and its perfect complement dissociates and becomes single
strand DNA. The annealing temperature (Ta) is the temperature one runs the PCR protocol at.
For prior methods, it is usually 5°C below the lowest T of the primers used, thus close to all
possible duplexes are formed (such that essentially all the primer molecules bind the template
nucleic acid). While this is highly efficient, at lower temperatures there are more unspecific
reactions bound to occur. One consequence of having too low a Ta is that primers may anneal to
sequences other than the true target, as internal single-base mismatches or partial annealing may
be tolerated. In some embodiments of the present inventions, the T a is higher than Ty, where at a
given moment only a small fraction of the targets have a primer annealed (such as only ~1-5%). If
these get extended, they are removed from the equilibrium of annealing and dissociating primers
and target (as extension increases T quickly to above 70°C), and a new ~1-5% of targets has
primers. Thus, by giving the reaction a long time for annealing, one can get ~100% of the targets
copied per cycle.

In various embodiments, the annealing temperature is between 1, 2, 3,4, 5,6, 7, 8, 9, 10,
11,12, 13°Cand 2, 3,4,5,6,7,8,9, 10, 11, 12, 13, or 15 °C on the high end of the range, greater

than the melting temperature (such as the empirically measured or calculated Tm) of at least 25,
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50, 60, 70, 75, 80, 90, 95, or 100% of the non-identical primers. In various embodiments, the
annealing temperature is between 1 and 15 °C (such as between 1 to 10, 1to 5, 1t0o 3,3 to 5,5 to
10,5t0 8,8 to 10, 10 to 12, or 12 to 15 °C, inclusive) greater than the melting temperature (such
as the empirically measured or calculated T.,) of at least 25; 50; 75; 100; 300; 500; 750; 1,000;
2,000; 5,000; 7,500; 10,000; 15,000; 19,000; 20,000; 25,000; 27,000; 28,000; 30,000; 40,000;
50.000; 75,000; 100,000; or all of the non-identical primers. In various embodiments, the
annealing temperature is between 1 and 15 °C (such as between 1 to 10, 1to 5, 1to 3,3 to 5,3 to
8,5t0 10,5t0 8,8to 10, 10to 12, or 12 to 15 °C, inclusive) greater than the melting temperature
(such as the empirically measurcd or calculated Tw) of at lcast 25%, 50%, 60%, 70%, 75%, 80%,
90%, 95%, or all of thc non-identical primers, and the Iength of the anncaling stcp (per PCR cycle)
1s between 5 and 180 minutes, such as 15 and 120 minutes, 15 and 60 minutes, 15 and 45 minutes,
or 20 and 60 minutes, inclusive.

Exemplary Multiplex PCR. In various embodiments, long annealing times (as discussed
herein and exemplified in Example 12) and/or low primer concentrations are used. In fact, in
certain embodiments, limiting primer concentrations and/or conditions are used. In various
embodiments, the length of the annealing step is between 15, 20, 25, 30, 35, 40, 45, or 60 minutes
on the low end of the range and 20, 25, 30, 35, 40, 45, 60, 120, or 180 minutes on the high end of
the range. In various embodiments, the length of the annealing step (per PCR cycle) is between
30 and 180 minutes. For example, the annealing step can be between 30 and 60 minutes and the
concentration of each primer can be less than 20, 15, 10, or 5 nM. In other embodiments the primer
concentrationis 1,2, 3,4, 5,6,7, 8,9, 10, 15, 20, or 25 nM on the low end of the range, and 2, 3,
4,5,6,7,8,9, 10, 15, 20, 25, and 50 on the high end of the range.

At high level of multiplexing, the solution may become viscous due to the large amount of
primers in solution. If the solution is too viscous, one can reduce the primer concentration to an
amount that is still sufficient for the primers to bind the template DNA. In various embodiments,
between 1,000 and 100,000 different primers are used and the concentration of each primer is less

than 20 nM, such as less than 10 nM or between 1 and 10 nM, inclusive.

Experimental Section
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The presently disclosed embodiments are described in the following Examples, which are
set forth to aid in the understanding of the disclosure, and should not be construed to limit in any
way the scope of the disclosure as defined in the claims which follow thereafter. The following
examples are put forth so as to provide those of ordinary skill in the art with a complete disclosure
and description of how to use the described embodiments, and are not intended to limit the scope
of the disclosure nor are they intended to represent that the experiments below are all or the only
experiments performed. Efforts have been made to ensure accuracy with respect to numbers used
(e.g. amounts, temperature, etc.) but some experimental errors and deviations should be accounted
for. Unlcss indicated otherwisc, parts arc parts by volume, and tcmpcraturc is in degrees
Centigrade. It should be undcrstood that variations in thce methods as described may bc madce

without changing the fundamental aspects that the experiments are meant to illustrate.

Example 1

Retrospective analysis of blood samples from kidney transplant recipients (292 plasma
samples from 187 unique patients, with 8 samples excluded) was performed after patients were
assessed for graft condition by biopsy. Biopsies were graded by Banff classification for T cell-
and antibody-mediated acute rejection (AR) or non-AR (borderline, stable, or other injury). The
biopsy-analyzed samples were found to include 52 samples in acute rejection (AR) and 240
samples in non-acute rejection (Non-AR), including being in borderline rejection, having other
injury, or being stable.

Circulating free DNA from 2 mL of plasma from each sample was extracted by the Qiagen
cfDNA kit. The amount of cfDNA was then quantified, using LapChip. Library preparation was
accomplished using the Natera Panorama Library Prep Kit using the standard protocol, except that
library was amplified by 18 PCR cycles (as opposed to the standard 9 cycles). The amplified library
was then purified using Ampure beads (Agencourt). The amplified library product was then
quantified again using LabChip and a quality control step was performed. This was followed by
Panorama V2 OneSTAR, dilution, and BC-PCR.

The samples were then pooled for sequencing, purification (Qiagen Kit), quantification
(Qubit), and quality control (Bioanalyzer).

The percentage of donor derived cell free DNA in the transplant recipient plasma was

determined using massively multiplexed PCR, which targeted 13,392 single-nucleotide
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polymorphisms (SNPs), followed by NGS sequencing on a HiSeq2500 machine (Illumina) for 50
cycles (28-29 samples/run= 10-11M reads/sample).

Levels of dd-cfDNA were then correlated with rejection and transplant injury status and
were found to demonstrate high capacity for detection of kidney transplant rejection. Specifically,
it was found that dd-cfDINA at a level of above 1% (out of total free circulating DNA) serves as a
suitable threshold for classifying a kidney transplant as undergoing acute rejection (AR). See FIG.
2. For transplants not undergoing acute rejection, each of the categories of the transplants being
stable, borderline rejected or undergoing other injury were alone each under the 1% dd-cfDNA
threshold level. Sce FIG. 3.

Further, when classifying samples where dd-cfDN A was grecater than 1%, it was found that

less than 1 in 20 were stable.

Group Stable Borderline Other Injury | Acute Rejection
Rejection
>1% dd-c[DNA, | 5(4.4) 26 (23.0) 34 (30.1) 48 (42.5)
n (%)

In the 52 samples undergoing acute rejection, 19 were classified by biopsy as undergoing
antibody mediated rejection (ABMR), 32 were classified as undergoing T-cell mediated rejection
(TCMR) and 1 sample was classified as undergoing both types of rejection. It was found that the
fraction of dd-cfDNA did not differ significantly between ABMR and TCMR cohorts or between
borderline ABMR and TCMR cohorts. See FIG. 4.

Further, when the days since transplant was compared to the percentage level of dd-cfDNA
and rcjection status of kidncy transplants, it was found that thc 1% dd-cfDNA threshold level
scrved as a clinically relevant biomarker immediately following surgery. Sce FIG. 5.

Value was also found in repeated measurements within individual patients, as the change
from a stable transplant to an injured transplant could be monitored over time. See FIG. 6.

When the performance metrics of the current study was compared to a previous study from
Bloom, RD et al., Cell-Free DNA and Active Rejection in Kidney Allografts, J. Am. Soc. Nephrol.,
2017; 287(7):2221-2232, it was found that the present methods resulted in significantly greater

sensitivity and specificity.

Current Study (292 samples) | Bloom et al. (107 samples)
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Performance Metrics

Sensitivity 92% (n=52) 59% (n=27)
Specificity 73% (n=240) 85% (n=80)
AUC 0.90 0.74

Assuming 25% Prevalence
NPV 97 % 84%
PPV 53% 61%

As such, the presently disclosed assay offers certain technical advantages. For example,
the assay disclosed hercin comprised advanced cfDNA isolation and prcparation, with sizc
sclection to climinate background noisc and is ablc to filer PCR and NGS crrors through advanced
error modeling. Further, the present assay used more SNPS (13,392 v. 266 disclosed in Bloom et

al.) with advanced SNP selections.

Example 2. Optimizing Detection of Kidney Transplant Injury by Assessment of Donor-
Derived Cell-Free DNA by Massively Multiplex PCR.

INTRODUCTION

Precision medicine and personalized tailoring of immunosuppressive drug regimens can
improve the current state ol organ (ransplant management. Transplantation injuries are often
detected late given that invasive biopsies are best avoided, where possible, for the sake of the
patient experience. Though advancements in immunosuppressive drugs, organ procurement
methods, and human leukocyte antigen-typing has lowered the number of clinical-and biopsy-
confirmed acute rejection episodes, sub-clinical acute rejection of kidney grafts remains a
significant risk. Kidney transplant management is particularly challenging owing to redundancy
of the serum creatinine assay, which, in addition to the late detection of transplant injuries, makes
immunosuppression dosage and adjustment far from personalized. Therefore, rapid and non-
invasive detection and prediction of allograft injury/rejection holds promise for significant
improvement of management in kidney transplantation patients.

Diagnosis of acute renal transplant rejection is generally dependent on an increase in serum

creatinine levels or its algorithmic derivative, eGFR, which indicates altered renal filtration
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functioning. Since there are many causes of the baseline drift in altered renal filtering in these
patients, biopsy is required for definitive diagnosis. Methods of estimating kidney rejection in
allograft recipients based on CR or eGFR lack sufficient accuracy. However, biopsies are invasive
and can be costly procedures, which limit their use in clinical practice. Furthermore, biopsy results
are often plagued by expert reader variance and can lead to delayed diagnosis of acute rejection,
after which irreversible organ damage has already taken place. Therefore, there is a current unmet
need for a rapid, accurate, and noninvasive approach to detecting allograft rejection and/or
injury—one which may require integration of the current *“gold” standard morphological
asscssments with modern molccular diagnostic tools.

Donor-derived cell-free DNA (dd-cfDNA) detected in the blood of transplant rccipicnts
has been reported as a noninvasive marker to diagnose allograft injury/rejection, and holds promise
for producing faster and more quantitative results compared with current treatment options.
Recently, it was demonstrated that plasma levels of dd-cfDNA can discriminate active rejection
status from stable organ function in kidney transplant recipients, using a 1% cutoff. Previously we
validated the clinical application of a targeted, single-nucleotide polymorphism (SNP)-based cell-
free assay targeting greater than 10,000 loci as a successful screening tool for the detection of
fetal chromosomal abnormalities and show here that a similar approach targeting 13,392 SNPs can
be used to evaluate differences in donor cfDNA burden in different transplant rejection injuries
over time. This study uses a novel SNP-based mmPCR-NGS methodology to measure dd-c[DNA
in renal transplant recipients for the detection of allograft rejection/injury without prior knowledge
of donor genotypes.

MATERIALS AND METHODS

Study Design

This study was a retrospective analysis of blood samples from kidney transplant recipients
who had transplant surgeries at the University of California — San Francisco (USCF) Medical
Center. The study was approved by the institutional review board at the UCSF Medical Center.
All patients provided written informed consent to participate in the research, in full adherence to
the Declaration of Helsinki. The clinical and research activities being reported are consistent with
the Principles of the Declaration of Istanbul as outlined in the Declaration of Istanbul on Organ
Trafficking and Transplant Tourism.

Study Population and Samples
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Blood samples were collected from male or female adult or young adult recipients of
kidney transplants at various time points following transplantation surgery. The selection of study
samples was based on (a) if there is adequate plasma sample available, (b) if the blood sample is
associated biopsy information that could be used in data analysis. Patients had received a kidney
from related or unrelated living donors, or unrelated deceased donors. Plasma samples were
obtained from an existing biorepository, of which 53% were matched with a biopsy collected at
the time of blood collection. Patients without a matching biopsy were categorized as STA; all non-
STA patients were biopsy-matched.

Biopsy Samples

All kidney biopsics were analyzed in a blinded manner by a UCSF pathologist and werc
graded by the Banff classification for acute rejection (AR); intragraft C4d stains were performed
to assess for acute humoral rejection. Transplant “injury” was defined as a >20% increase in serum
creatinine from its previous steady-state baseline value and an associated biopsy that was classified
as either AR, BL, or OI (e.g., drug toxicity, viral infection). AR was defined, at minimum, by the
following criteria: 1) TCMR consisting of either a tubulitis (t) score >2 accompanied by an
interstitial inflammation (i) score >2 or vascular changes (v) score >0; 2) C4d positive ABMR
consisting of positive donor specific antibodies (DSA) with a glomerulitis (g) score >0/or
peritubular capillaritis score (ptc) >0 or v>0 with unexplained acute tubular necrosis/thrombotic
micro angiopathy (ATN/TMA) with C4d=2; or 3) C4d negalive ABMR consisting ol positive
DSA with unexplained ATN/TMA with g + ptc 22 and C4d is either O or 1. Borderline change
(BL) was defined by t1 +1i0, or tl1 +il, or t2 + i0 without explained cause (e.g., polyomavirus-
associated nephropathy [PV AN]/infectious cause/ATN). Other criteria used for BL changes were
g >0 and/or ptc >0, or v >0 without DSA, or C4d or positive DSA, or positive C4d without nonzero
g or ptc scores. Normal (STA) allografts were defined by an absence of significant injury pathology
as defined by Banff schema. Samples were stratified into an AR or non-AR groups (BL, STA, or
OI) for analyses.

dd-cfDNA Measurement in Blood Samples

Cell-free DNA was extracted from the plasma samples using the QIAamp Circulating
Nucleic Acid Kit (Qiagen) and quantified on the LabChip NGS 5k kit (Perkin Elmer) following
the manufacturer’s instructions. Extracted cfDNA was used as input into library preparation using

the Natera Library Prep kit, with a modification of 18 cycles of library amplification to plateau the
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libraries. The purified libraries were quantified using LabChip NGS 5k. Target enrichment was
accomplished using massively multiplexed-PCR (mmPCR). This was performed using a modified
version of a previously described method, with 13,392 single nucleotide polymorphisms (SNPs)
targeted. The amplicons were then sequenced on an Illumina HiSeq 2500 Rapid Run, 50 cycles
single end, with 10-11 million reads per sample.

Statistical Analyses of dd-cfDNA, Creatinine, and eGFR

In each sample, dd-cfDNA levels were measured and correlated with rejection status; the
results of dd-cfDNA analyses were compared with creatinine and eGFR levels. Where applicable,
all tests arc two sided. Significance was always sct at £<0.05. Becausc the distribution of dd-
cfDNA lcvel found in paticnts was scverely skewed among the groups of interest, these data were
analyzed using a Kruskal-Wallis rank sum test followed by Dunn multiple comparison tests with
Holm correction. The eGFR (creatinine in mg/dL) was calculated as described previously. Briefly,
eGFR = 186 * Serum Creatinine > * Age %293 * [ 1210 if Black] * [0.742 if Female] .

To evaluate the performance of dd-cfDNA level, creatinine, and eGFR score
(mIL/min/1.73m?) as rejection markers, samples were separated into an AR group and a non-AR
group (BL+STA+OI). Using this categorization, sensitivity, specificity, PPV, and NPV of each
marker was determined using the following AR classification cut-offs: >1% for dd-cfDNA, >1.8
mg/dL for creatinine, and <40.0 for eGFR. AUC of the receiver operating characteristic (ROC)
curve—an additional measure of discriminating between AR and non-AR—was also calculated
for each marker. Confidence intervals for sensitivity and specificity were calculated using exact
Binomial tests (Clopper-Pearson). Confidence intervals for PPV and NPV were calculated with a
normal approximation. Confidence interval for AUC was calculated using the DeLLong method.

Subanalyses evaluated dd-cfDNA levels by Banff score for individual histological features
(glomerulitis, allograft glomerulopathy, mesangial matrix increase, interstitial fibrosis, tubular
atrophy, interstitial inflammation, total interstitial inflammation, tubulitis, atrophic tubulitis,
peritubular capillaritis, arteriolar hyalinosis, alternative arteriolar hyalinosis, vascular intimal
thickening, intimal arteritis, c4d staining). Elevated scores of glomerulitis, interstitial
inflammation, total interstitial inflammation, tubulitis, peritubular capillaritis, and c4d staining
correlate with elevated levels of dd-cfDNA by using a Kruskal-Wallis rank sum test followed by
Dunn multiple comparison tests. Differences in dd-cfDNA levels by donor type (living related,

living non-related, and deceased non-related) were also evaluated. Significance was determined
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using the Kruskal-Wallis rank sum test as described above. Inter- and intra-variability in dd-
cfDNA over time was evaluated using a mixed effects model with a logarithmic transformation on
dd-cfDNA. The 95% confidence intervals for the intra- and inter-patient standard deviations were
calculated using a likelihood profile method.

All analyses were done using R 3.3.2 using the FSA (for Dunn tests), Ime4 (for mixed
effect modeling) and pROC (for AUC calculations) packages.

RESULTS

Patients and Blood Samples

A total of 300 plasma samplecs were collected from 193 uniquce renal transplant recipicents;
of these, 8 samplces from 6 paticnts were unablce to be scquenced and were cxcluded from analysces.
Among the 292 analyzed samples, 52 were collected from patients with biopsy-proven acute
rejection (AR), 82 were from patients with biopsy-proven borderline rejection (BL), 73 were from
patients with normal, stable allografts (STA), and 85 were from patients with biopsy indicating
other injury (OI) (FIG. 13). Because it is desirable to detect the existence of AR versus any other
condition, we defined non-AR as the group including all specimens that were classified as STA,
BL, or OI. A summary of demographic information and sample characteristics are provided in
Table A. All pathology samples were read at UCSF, verified at the same institution and were rated
by all observers using the Banff criteria.

dd-cfDNA in Plasma of Kidney Transplant Recipients

The amount of dd-cfDNA was significantly higher in the circulating plasma of the AR
group (median=2.76%) compared with the non-AR group (median=0.47%; P<0.0001) (FIG. 14A).
Additionally, the median level of dd-cfDNA was significantly higher in the AR group compared
with all 3 individual non-rejection subgroups: BL group (0.59%), STA group (0.19%), and OI
(0.70%; all comparisons, P<0.0001) (Table B). Donor-derived cfDNA levels were significantly
lower in the STA group than in the BL or OI groups (P<0.0001). There was no significant
difference in the level of dd-cfDNA between the BL and OI groups (P=0.496) (Table B).

Creatinine and eGFR levels

In contrast to dd-cfDNA, evaluation of creatinine levels did not appear to have as much
discriminatory ability for differentiating AR and non-AR groups (FIG. 14B). The median
creatinine level in the AR group (1.4 mg/dL) was significantly higher than that observed in the
non-AR group (1.1 mg/dL; P=0.0024). However, unlike the dd-cfDNA results, there was no
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difference in median creatinine levels between the AR and BL groups (both 1.4 mg/dL; P=0.8653)
(Table B). Median creatinine levels were significantly lower in the OI group (1.1 mg/dL) versus
AR group (1.4; P=.0078) and significantly lower in the STA group (0.9 mg/dL) versus BL group
(1.4 mg/dL; P<0.0001); creatinine level was numerically lower in the STA group compared with
the OI group (1.1 mg/dL), though the difference was not statistically significant (P=0.1887).

For samples with available eGFR scores (AR, n=52; non-AR, n=151 [BL, n=79; OI, n=65;
STA, n=7]) median eGFR were similar between the AR group (52.5) and the non-AR group (54.7;
P=0.2379) (FIG. 14C). There was a significant difference between eGFR levels in the AR group
versus the STA group (69.3; £=0.0125), but no differcnce in ¢GFR scorc between AR and BL
groups (52.0 vs 51.8; P=0.902) (Tablc B). Additionally, comparcd with thc STA group, cGFR
levels were significantly higher in the BL (51.8; P=0.0254) and Ol (55.1; P=0.0413) groups.

Performance Estimates for Discriminatory Ability of Tests

With a cutoff of >1%, the mmPCR-NGS method had a 92.3% sensitivity (95% confidence
interval [CI], 81.5%-97.9%) and 72.9% specificity (95% CI, 66.8%-78.4%) for detection of AR.
Sensitivity and specificity values are shown over the range of dd-cfDNA cutoffs in FIG. 15A. The
area under the curve (AUC) was 0.90 (95% CI, 0.85-0.95). Based on a 25% prevalence of rejection
in an at-risk population, the positive predictive value (PPV) was projected to be 53.2% (95% C1,
47.7%-58.7%) and the negative predictive value (NPV) was projected to be 96.6% (95% CI,
69.8%-100%).

Sensitivity and specificity was lower using creatinine and eGFR as discriminatory tests
(FIG. 15B-C). Using a creatinine level cutoff of 1.8 mg/dL for AR, sensitivity and specificity
values were 42.3% (95% C1, 28.7%-56.8%) and 83.7% (78.3%-88.1%), respectively, with an AUC
of 0.63 (0.54-0.71). The projected PPV and NPV values of creatinine were 46.4% (35.7%-57.0%)
and 81.3% (50.5%-100%), respectively. The sensitivity for eGFR analysis using a cutoff score of
<40 was 38.8% (25.2%-53.8%) and the specificity was 78.8% (71.4% to 85.0%) with an AUC of
0.56 (0.46-0.66).

When comparing AR to STA only, the dd-cfDNA assay had a 92.3% sensitivity (95%
confidence interval [CI], 81.5%-97.9%) and 93.2% specificity (95% CI, 84.7%- 97.7%).
Sensitivity and specificity values are shown over the range of dd-cfDNA cutoffs in FIG. 16. The
area under the curve (AUC) was 0.951 (95% CI, 0.91-1.0).

dd-cfDNA >1% by Rejection Status
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Of the 292 patient samples, 113 (38.7%) had dd-cfDNA levels >1%. Of those, less than 1
in 20 were STA (5 samples [4.4%]); the remainder were AR (48 samples [42.5%]), OI (34 samples
[30.1%]), or BL (26 samples [23.0%]).

Relationship Between dd-cfDNA and Acute Rejection Type

Of the 52 patients with biopsy-proven AR, 19 were classified as antibody-mediated
rejection (ABMR) and 32 were classified as T-cell-mediated rejection (TCMR); 1 patient had a
combination of both ABMR and TCMR. In addition, 18 patients had borderline ABMR (bAMBR)
and 64 patients had borderline TCMR (bTCMR). FIG. 17 shows the relationship between dd-
cfDNA lcvel and type of rcjection. Median dd-cfDNA did not differ significantly betwecen AMBR
(3.1%) or TCMR groups (2.4%; P=0.520) or bctwecen bAMBR (0.64%) and bTCMR groups (0.58;
P=0.420). Significant differences were observed between ABMR and bABMR (P<.001) and
TCMR and bTCMR (P<.001), in alignment with AR versus BL differences observed with dd-
cfDNA.

Modelling of dd-cfDNA as a Function of Banff Score

The distribution of dd-cfDNA level across different Banff scores was evaluated for samples
with a confirmed biopsy. Of 15 histological features evaluated, six had significant results in dd-
cfDNA level by score: glomerulitis (P=0.0031), total interstitial inflammation (P=0.0001),
interstitial inflammation (P<0.0001), peritubular capillaritis (P=0.0001), tubulitis (P=0.0082), and
c4d staining (P=0.0049) (FIG. 18). For each of the six histological features, dd-c[DNA levels by
score and summary statistics for score comparisons are shown in Tables C and D, respectively.
Interstitial inflammation scores were highly significant, where dd-cfDNA level in group 0 was
significantly lower than those in groups 1, 2, and 3. (FIG. 18). In in groups with a score of O,
glomerulitis and peritubular capillaritis dd-cfDNA levels were significantly lower than those found
in groups with a score of 3 and 2, respectively (FIG. 18; Table D).

dd-cfDNA levels by Donor Type

A Kruskal-Wallis rank sum test was used to assess the relationship between dd-cfDNA
level and donor type (living related, living non-related, and deceased non-related). Patients were
grouped by their donor relationship and rejection status (AR/non-AR). For patients with multiple
samples the mean dd-cfDNA was taken. Looking at each rejection status group, there was no
significant difference among the medians of dd-cfDNA level by donor type in either the AR
(P=0.677) or non-AR group (P=0.463; FIG. 19).
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dd-cfDNA Variability Over Time

Two subanalyses designed to evaluate the natural variability in dd-cfDNA over time were
conducted. The first was a cross-sectional analysis of 60 plasma samples from 60 different patients,
collected immediately following surgery (within 3 days [“0 months”]) or at 1, 3, 6, or 12 months
postsurgery. Among these STA patients, dd-cfDNA levels were lower at month 0 than subsequent
timepoints; however, for most of these STA samples dd-cfDNA levels were <1% across all
timepoints (FIG. 20A). For patients with AR, BL, or OI, nearly all were above the 1% dd-cfDNA
threshold across all timepoints evaluated. To evaluate the normal intra-patient variation in donor
fraction, the sccond subanalysis longitudinally asscsscd 10 individual paticnts across 4 time points
(variable for cach paticnt). Overall, organ injury occurrcd at dd-cfDNA lcvels above 1% and
cfDNA levels in STA and Ol patients did not fluctuate over time (FIG. 20B).

To compare inter- and intra-variability a linear-mixed model was constructed to stabilize
the variance after logarithmic transforming dd-cfDNA levels. Using this approach and adjusting
for time and AR/non-AR groups, an intra-class standard deviation of 0.25496 (95% CI, 0.1093-
(.3481) and an inter-patient standard deviation of 0.4296 (95% CI, 0.3751-0.4915) was obtained.
This resulted in an intraclass correlation coefficient of 0.2523 indicating high dissimilarity within
patients.

DISCUSSION

In this study, median dd-c[DNA was significantly higher in the AR group (2.76%) versus
the non-AR group (0.47%; P<0.0001). Analysis of performance estimates demonstrated that the
mmPCR-NGS method was able to discriminate active from non-active rejection status with an
AUC of 0.90 and high sensitivity (92.3%) and specificity (72.9%) at the AR cutoff of >1% dd-
cfDNA. Based on a 25% prevalence of rejection, projected PPV and NPV were 96.6% and 53.2%,
respectively. In contrast, serum creatinine levels and eGFR were generally less discriminatory,
with a 42.3% sensitivity and 83.7% specificity, and projected PPV and NPV of 46.4% and 81.3%,
respectively. Therefore, if static serum creatinine measurements were used as the sole clinical
decision point, about 1 in 5 patients would not be referred for an indication biopsy—this is in
comparison to the projected NPV of dd-cfDNA, which suggests that only 3-4 in 100 patients would
miss an indication biopsy where it might be clinically necessary. Taken together, the superior

performance of this SNP-based dd-cfDNA assay over that of the current standard of care for the
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evaluation of allograft rejection status holds promise for enabling patients a greater opportunity
for timely therapy in the case of an allograft injury.

Levels of dd-cfDNA also provided discrimination of AR from all three non-AR subgroups
(STA, BL, and OI); median dd-cfDNA levels were significantly higher for samples with biopsy-
proven AR (2.8%) versus BL (0.6%), OI (0.7%), and STA (0.2%).

In a recent study that amplified hundreds of target SNPs in dd-cfDNA to detect active
rejection in kidney allografts, that method was able to discriminate AR from non-AR with an AUC
of 0.74 and 59% sensitivity, 85% specificity. In comparison with that study, the novel dd-cfDNA
test described in the current study showed a higher AUC valuc (0.90) as wcll as greater scnsitivity
(92%). On the other hand, specificity (73%) was slightly lower in the current study, indicating that
there may have been more false positives in this study. This is supported given that the specificity
rose to 93.2% when AR and STA groups were compared, which suggests that the false positives
in the non-AR group were likely driven by the BL. and/or OI groups.

Another important finding of this study was that the fraction of dd-cfDNA did not differ
between ABMR and TCMR groups, with dd-cfDNA levels of 3.1% and 2.4%, respectively. These
results are of interest considering that previous study found significantly higher dd-cfDNA levels
for ABMR-based rejections (2.9%) than for TCMR-based rejections (<1.2%). Though the assay
used in that study also measured dd-cfDNA, the methodologies between the two assays are of
different design. It is unclear whether that test could not differentiate AR [rom non-AR in cases of
TCMR or if the result was due to the smaller sample size of that group in that study (n=11), given
that different TCMR groups may behave differently. Regardless, in the larger TCMR group
evaluated in this study (n=32), it appears that dd-cfDNA levels can accurately discriminate AR
from non-AR in both the ABMR and TCMR groups. In addition, dd-cfDNA levels were 0.6% in
both borderline ABMR and TCMR, suggesting that the test may be sensitive enough to
discriminate borderline cases from more severe cases in both groups.

One barrier to widespread clinical use of dd-cfDNA as a diagnostic tool for monitoring
organ transplant has been the limitations in measuring dd-cfDNA in certain cases, such as when
the donor genotype is unknown or when the donor is a close relative. Given the design of the assay
used here, it is possible to quantify dd-cfDNA without prior recipient or donor genotyping. Further,
there is no need for a computational adjustment based on whether the donor is related to the

recipient. In this study, evaluation of dd-cfDNA levels by donor type revealed that regardless of
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donor type (living related, living non-related, deceased non-related), dd-cfDNA levels were similar
across all donor types within the AR and non-AR categories.

This study is a retrospective analysis of archived samples from a single-center. However,
the central geographical area enabled all biopsies to be performed by a single pathologist, which
may have helped minimize variability in biopsy classification. Overall, samples were selected
based on the availability of biopsy information, which led to missing information from some
patient samples and may have impacted analyses. For example, due to limited demographic
information for some patients, it was not possible to calculate eGFR for all samples; this led to a
reduccd number of STA samplcs in the non-AR group for this marker, which may have contributed
to the lack of significant differcnece observed between the AR and non-AR groups. Importantly, all
experimenters were kept blinded during the process of data generation. Finally, the retrospective
study design may have led to differences in patient characteristics across the rejection groups;
though the STA group was enriched with younger patients compared with the other groups, this is
not surprising as younger patients are better suited immunologically to tolerate transplanted organs
compared to older-aged patients; further, the age differences likely did not affect the viability of
the study objectives.

Strengths of this study include the variety of patient samples included in the non-AR group,
which comprised not only STA, but also BL and OI samples. This allowed for additional analyses
in this study, which found that dd-c[DNA was signilicantly dilferent in the AR group versus BL
and OI groups. Additional subanalyses by type of AR (ABMR and TCMR) as well as by donor
type demonstrated that dd-cfDNA levels were able to discriminate AR versus non-AR in a variety
of patient types. Further, the SNP-based mmPCR methodology used has been validated with over
a million samples in fetal cfDNA determinations; evidence indicates that it is highly sensitive and
specific for detecting rare or minor nucleic acid fractions in an in vivo plasma mixture. Finally,
the inclusion of longitudinal data enabled a unique evaluation of the natural variability of dd-
cfDNA in transplant patients over time. Inter-patient variability data demonstrated that between 0
and 12 months post-surgery, most patients with STA biopsies had dd-cfDNA levels below 1%.
This suggests that the dd-cfDNA test may be used immediately after surgery to differentiate
whether a patient is stable or showing signs of AR, BL, or OI. Intra-patient variability data

demonstrated that the results of the assay are generally consistent over time. Taken together, these
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data suggest that this test can not only offer routine monitoring of the same patients but also offer

a variety of patients a reliable test to determine rejection status at any time point post-surgery.

In conclusion, this study validates the use of dd-cfDNA in the blood as an accurate marker

of kidney injury/rejection. This rapid, accurate, and noninvasive technology may offer detection

of significant renal injury in select patients better than the current standard of care and therefore

offer the potential for better management and survival of kidney allografts and recipient renal

function.

Table A. Demographics and Characteristics®

Acute Rejection

Non-Acute Rejection

Stable

Borderline AR

Other Injury

Phenotype Characteristic (52 samples) (81 samples)® (82 samples) (85 samples)®
Recipient age, yr

Mean + SD 42.94 + 15.39 18.41 £ 11.42 46.51 + 14.20 45.81 + 20.85

Range 4-69 2-70 5-74 3-80
Male/female/NA

Male 24 (46.2) 46 (56.8) 40 (48.8) 33 (38.8)

Female 28 (53.8) 34 (42.0) 42 (51.2) 52 (61.2)

Unknown 0(0) 1(1.2) 0 ) 0
Ethnicity

Hispanic or Latino 18 (34.5) 3@3.7) 29 (35.4) 23 (27.1)

Not Hispanic or Latino 31 (59.6) 4 (4.9) 50 (61) 42 (49.4)

Unknown 3(3.7) 74 (91.4) 3(3.7) 20 (23.5)
Race groups, no. (%)

White or Caucasian 15 (28.8) 1(1.2) 14 (17.1) 22 (25.9)

Black or African American 6(11.5) 1(1.2) 15 (18.3) 7 (8.2)

Asian or Pacific Islander 8(15.4) 1(1.2) 18 (22) 4 4.7

Other/Not reported 23 (44.2) 78 (96.3) 35 (42.7) 52 (61.2)
Recipient weight, kg

Mean + SD 82.0+£19.9 64.8+11.2 78.6 £ 18.3 81.2+18.9

Range 45-119 50-76 46-134 47-125

Unknown 10 75 9 23
DS A positive, no. (%)

Yes 18 (34.6) 00) 19 (23.2) 4 (4.7)

No 18 (34.6) 1(1.2) 53 (64.6) 20 (23.5)

Not recorded 16 (30.8) 80 (98.8) 10 (12.2) 61 (71.8)
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Indication for renal transplantation,

no. (%)
Glomerulonephritis 1(1.9) 4 (4.9) 224 3(3.5
Focal segmental

glomerulos%:lerosis 6 (11.5) 4 (4.9) 10 12.2) 2(12.2)
Diabetes mellitus 1(1.9) 11.2) 16 (19.5) 22 (25.9)
Thin basement membrane

hephropathy 4 (7.7) 0 224 3(3.5
Polycystic kidney disease 5(9.6) 3(3.7) 7 (8.5) 7(8.2)
Solitary kidney 0w 0w 33.7) 0
Hypertension 5 (9.6) 1(1.2) 13 15.9) 5.9
IgA nephropathy 7(13.5) 00 §(9.8) 0(0)
Lupus nephritis 2 (3.8) 0 1(1.2) 313.5)
ANCA - vasculitis 1(1.9) 0 2(2.4) 0
Other/Unknown 19 (38.5) 68 (84.0) 18 (22.0) 40 (47.1)

[Donor source, no. (%)
Living related 2 (3.8) 2(2.5) 9(11) 6(7.1)
Living unrelated 4 (7.7) 44 (54.3) 19 (23.2) 31 (36.5)
Deceased unrelated 46 (88.5) 35 (43.2) 54 (65.9) 48 (56.5)

IDS A, donor specific antibodies; SD, standard deviation.

‘Characteristics and demographic information is based on all samples; data reflects multiple samples for some patients.
POf the 81 samples linked to stable biopsy, 8 were unable to be sequenced and were excluded from analyses.

“Other injury patients had other causes of graft dysfunction: chronic allograft nephropathy (57 samples), drug toxicity (18
samples), BK nephritis (4 samples), acute tubular necrosis (3 samples), and transplant glomerulopathy (3 samples).

Table B. Summary Statistics for dd-cfDNA, Creatinine, and eGFR Tests

Non-Acute Rejection

Paramcter Acutc Rejection Stablc Bordcrline Other Injury
dd-cfDNA

Number of samples 52 73 82 85

Mean (SD), % 3.08 (2.14) 0.43 (0.85) 0.83 (0.77) 1.05 (1.11)
Median, (Range), % 2.76 (0.1-12.6) 0.19 (0.0-5.4) 0.59 (0.03-3.9) 0.70 (0.03-6.8)
Creatinine

Number of samples 52 72 82 85

Mean (SD), mg/dL 1.76 (1.11) 1.81 (2.66) 1.62 (0.98) 1.33 (1.06)
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Median, (Range), mg/dL 1.41 (0.1-6.8) 0.91 (0.1-14.1) 1.40 (0.3-7.0) 1.10 (0.1-7.8)
eGFR
Number of samples 49 7 79 65
Mean (SD), score 50.5 (22.6) 76.52 (23.3) 53.1 (20.7) 54.4 (19.5)
Median, (Range), score 51.99 (8-100) 69.25 (47-109) 51.82 (6-109) 55.07 (7-106)

dd-cfDNA, donor-derived cell-free DNA; eGFR, estimate glomerular filtration rate.

Table C. Donor-derived cfDNA Levels in Six Histological Features with Significant Differences
in dd-cfDNA by Banff scorc

Mean StdDev Median
Variable Score Count dd-cfDNA (%) dd-cfDNA (%) dd-cfDNA (%)
Glomerulitis 0 177 1.048542373 1.602791733 0.415
Glomerulitis 1 32 1.153 1.067370359 0.6345
Glomerulitis 2 9 2.089888889 1.169621674 2.592
Glomerulitis 3 7 3.719714286 2.630592057 3.666
Glomerulitis N/A 67 1.217925373 1.097801678 0.703
Interstitial
Inflammation 0 86 0.758093023 0.895235265 0.3495
Intcrstitial
Inflammaltion 1 26 1.631115385 1.329326997 1.13
Interstitial
Inflammation 2 16 1.6524375 0.794761681 1.7085
Interstitial
Inflammation 3 10 3.6249 2.989179205 2.8375
Interstitial
Inflammation N/A 154 1.160019481 1.594593679 0.5465
Total Interstitial
Inflammation 0 67 0.752522388 0.965722172 0.32
Total Interstitial
Inflammation 1 33 1.225666667 1.048161684 0.843
Total Interstitial
Inflammation 2 24 1.480333333 1.171649809 1.2485
Total Interstitial
Inflammation 3 15 3.084 2.541016866 2.009
Total Interstitial
Inflammation N/A 153 1.152169935 1.596842599 0.544
Tubulitis 0 118 0.899567797 1.066300911 0.5555
Tubulitis 1 17 1.936117647 1.73272967 1.562
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Tubulitis 2 9 3.523111111 2.162920505 3.775
Tubulitis 3 3 2.033666667 0.742930234 1.809
Tubulitis N/A 145 1.186648276 1.635198975 0.544
Peritubular
Capillaritis 0 124 0.811048387 1.235469167 0.346
Peritubular
Capillaritis 1 78 1.499705128 1.841726957 0.954
Peritubular
Capillaritis 2 13 2.134153846 1.80764155 2.016
Peritubular
Capillaritis 3 7 2.865 2.936962093 1.809
Peritubular
Capillaritis N/A 70 1.194142857 1.068454149 0.703
(C4d Staining 0 184 1.104027174 1.592462534 0.551
(C4d Staining 1 12 2.905666667 2.066374442 2.9775
(C4d Staining 2 7 0.554142857 0.540281849 0.204
C4d Staining 3 6 1.9865 1.587761538 1.56
(C4d Staining N/A 83 1.14613253 1.138562549 0.637

Table D. Histological Features with Significant Differences in dd-cfDNA, by Banff score
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Compariso Z . Adj. P-

E Statistic Unadj. P-Value Vilue
Glomerulitis Ovsl -1.52 0.1279 1.0000
Glomerulitis Ovs?2 -2.69 0.0072 0.1740
Glomerulitis Ovs3 -3.59 0.0003 0.0107
Glomerulitis 1vs2 -1.64 0.1006 1.0000
Glomerulitis 1vs3 -2.61 0.0092 0.2062
Glomerulitis 2vs3 -0.93 0.3524 1.0000
Peritubular Capillaritis Ovs1 -3.02 0.0025 0.0686
Peritubular Capillaritis Ovs2 -4.15 0.0000 0.0011
Pcritubular Capillaritis Ovs3 -1.52 0.1290 1.0000
Peritubular Capillaritis 1vs2 -1.99 0.0468 0.8894
Peritubular Capillaritis 1vs3 -0.56 0.5722 1.0000
Peritubular Capillaritis 2vs3 0.42 0.6776 1.0000
Interstitial Inflammation Ovsl -3.41 0.0007 0.0198
Interstitial Inflammation Ovs2 -3.91 0.0001 0.0031
Interstitial Inflammation Ovs3 -3.54 0.0004 0.0123
Interstitial Inflammation 1vs2 -0.91 0.3625 1.0000
Interstitial Inflammation 1vs3 -1.09 0.2736 1.0000
Interstitial Inflammation 2vs3 -0.29 0.7696 1.0000
Total Interstitial Inflammation Ovsl -2.87 0.0041 0.1019
Total Interstitial Inflammation Ovs2 -3.14 0.0017 0.0476
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Total Interstitial Inflammation Ovs3 -4.52 0.0000 0.0002
Total Interstitial Inflammation 1vs2 -0.52 0.6053 1.0000
Total Interstitial Inflammation 1vs3 -2.15 0.0312 0.6243
Total Interstitial Inflammation 2vs3 -1.61 0.1084 1.0000
Tubulitis Ovsl -3.00 0.0027 0.0698

Tubulitis Ovs?2 -3.19 0.0014 0.0410

Tubulitis Ovs3 -1.44 0.1488 1.0000

Tubulitis 1vs2 -2.61 0.0090 0.2062

Tubulitis 1vs3 -1.24 0.2150 1.0000

Tubulitis 2vs3 -0.12 0.9050 1.0000

c4d Staining Ovs1 -3.85 0.0001 0.0038

c4d Staining Ovs2 0.21 0.8299 1.0000

c4d Staining Ovs3 -1.95 0.0517 0.9309

c4d Staining 1vs2 2.27 0.0233 0.4883

c4d Staining 1vs3 0.79 0.4292 1.0000

c4d Staining 2vs3 -1.43 0.1524 1.0000

All patents, patent applications, and published references cited herein are hereby
incorporated by reference in their entirety. While the methods of the present disclosure have been
described in connection with the specific embodiments thereof, it will be understood that it is
capablc of furthcr modification. Furthcrmore, this application is intendcd to cover any variations,
uses, or adaptations of the methods of the present disclosure, including such departures from the
present disclosure as come within known or customary practice in the art to which the methods of

the present disclosure pertain, and as fall within the scope of the appended claims.

Example 3. Validation of Detection of Kidney Transplant Injury by Assessment of
Donor-Derived Cell-Free DNA by Massively Multiplex PCR and Next-Generation
Sequencing.

INTRODUCTION

Kidney transplantation is the best option for patients with end-stage renal disease.
According to United Network for Organ Sharing, more than 19,000 kidneys were transplanted in
the United States in 2016 (cen.acs.org), and approximately, 200,000 patients are living with a
functional kidney transplant (NIH Medline plus). Despite life-long immunosuppressive
maintenance regimens designed to optimize the therapeutic outcome, approximately, 20-30% of

patients experienced overall renal graft failure within the first 5 years, and only 55% of
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transplanted kidneys survive to 10 years (cen.acs.org). Thus, a compelling need exists for early
intervention strategies to avoid or minimize acute/subclinical rejection episodes, nephrotoxicity,
and be able to manage and monitor co-morbidities for better therapeutic outcomes.

Current standard-of-care clinical options to monitor kidney health in transplant recipients
include protocol-biopsies and assessing dynamic changes in serum creatinine and other
parameters, such as proteinuria and levels of immunosuppressive drugs. Although, protocol-
biopsies are considered the “gold standard”, their clinical utility is significantly limited due to
invasiveness, cost, inadequate sampling, and poor reproducibility. Serum creatinine, the current
standard-of-carc marker to screen rcnal allograft dysfunction and indicatc when biopsy and
histological cvaluation of rcnal tissuc is warrantcd is a poor marker, duc to its low scnsitivity and
specificity. (Sigdel et al., Optimizing detection of kidney transplant injury by assessment of donor-
derived cell-free DNA by massively multiplex PCR, PLoS One, Manuscript in preparation 2018).
Moreover, creatinine is a lagging indicator of renal injury; by the time serum creatinine levels
increase, the allograft has already undergone severe and irreversible damage. Thus, an unmet
medical need exists to non-invasively detect early onset of transplant rejection and assist
physicians make proactive decisions with regards to managing immunosuppressive therapy and
prevent graft injury and loss.

Donor-derived cell-free DNA (dd-cfDNA) can be detected noninvasively in the plasma of
transplant patients, and is a proven non-invasive biomarker [or kidney transplant rejection. .The
present disclosure provides an assay that can estimate dd-cfDNA fraction in renal transplant
recipients by measuring allele frequency at 13,962 SNPs. A recent clinical validation study
demonstrated the ability of this method to discriminate active rejection from non-rejection with a
sensitivity of 88.7%, specificity of 73.2%, and AUC of 0.87 using a dd-cfDNA threshold of 1%
(Sigdel et al. 2018). Sigdel et al. 2018 showed a significant difference in the dd-cfDNA levels in
both antibody-mediated rejection (ABMR) and T-cell mediated rejection (TCMR) case than non-
rejection cases, including those with stable allografts, borderline rejection, and other injuries. The
present disclosure analytically validated our clinical-grade NGS test by determining the limit of
blank (LoB), lower limit of detection (LLoD) and lower limit of quantification (LoQ), linearity,
precision (reproducibility and repeatability) and accuracy in measuring the fraction of dd-cfDNA
in recipients of kidney transplant.

MATERIALS AND METHODS
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The general workflow of this study is shown in FIG. 22.

Plasma samples
Whole blood samples (20 mL) were collected from healthy volunteers (n=15) and transplant
patients (n=6) in Cell-Free DNA BCT tubes (Streck, Omaha, NE). Plasma (5-10 mL) was isolated
from blood after centrifugation at 3220 x g for 30 minutes at 22°C and stored at -80°C. Cell-free
DNA was extracted either using Applicant’s in-house chemistry for extraction (NICE) (San Carlos,
CA) or QIAamp® Circulating Nucleic Acid Kit (Qiagen, Germatown, MD).

Reference samples (cell-line derived)

Reference samples were procured from ScraCarc Lifesciences (Milford, MA) and were
developed by mixing gecnomic DNA (gDNA) from 5 different cell lines to develop 3 binary female
(recipient)/male (donor) mixtures; 1 related and 2 unrelated, at specific percentages (0, 0.1, 0.3,
0.6, 1.2, 2.4, 5, 10, and 15%) of donor fraction. The percentage of donor fraction in each mixture
was verified by digital droplet PCR (ddPCR) by SeraCare. The gDNA mixtures were sheared by
sonication and size selected to mimic expected cfDNA fragments of 160 base pairs. Concentration
of the reference samples was quantified using Quant-iT® or Qubit® (ThermoFisher, Carlsbad,
CA) High-Sensitivity kits.

¢/DNA mixture samples (plasma-derived)

cfDNA extracted from plasma of healthy volunteers (n=16) was used to develop 3
unrelated and 6 related binary c[DNA mixtures. The 3 unrelated mixtures were prepared at 7
different target dd-cfDNA levels (0.1, 0.3, 0.6, 1.2, 2.4, 5, 10%). Out of the 6 related cfDNA
mixtures, 4 were developed at donor fractions: 0.1, 0.3, 0.6, 1.2%., and the remaining 2 mixture
samples were developed at donor fractions 0.3 and 0.6%. Concentration of cfDNA mixture
samples was quantified using Quant-iT® or Qubit® (ThermoFisher, City and State) High-
Sensitivity kits.

Targeted amplification, SNP Selection, Sequencing Data Analysis and Quality Control

Reference samples and extracted cfDNA mixture samples were used as input for library
preparation followed by PCR amplification. Subsequently, targeted amplification was achieved by
performing mmPCR as previously described in Ryan ef al., Validation of an Enhanced Version of
a Single-Nucleotide Polymorphism-Based Noninvasive Prenatal Test for Detection of Fetal
Aneuploidies, Fetal diagnosis and therapy, 40(3):219-223 (2016), but with a different primer pool
targeting 13,926 SNP positions. The SNPs were designed for high variant allele frequency across
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different ethnicities. Bi-allelic SNPs were selected on chromosomes 2, 13, 18, 21, 22 and X, but
only chromosomes 2, 13, 18 and 21 were included in the donor fraction analysis. To ensure
accurate donor fraction estimate regardless of patient ethnicity, SNPs were required to have high
minor allele frequency across the major ethnic groups defined in the 1000 Genomes project (1000
genome). Specifically, at least 75% of SNPs were required to have minor allele frequency greater
than 25% in European, African, Asian and American ethnic groups.

The PCR amplicons achieved after targeted amplification were barcoded and combined to
generate 32-plex pools, which were sequenced using NGS technology (Illumina NextSeq 500
instrument, 50 cycles, single cnd rcads). Sequenced recads were demultiplexed and mapped to the
hgl19 reference genome using Novoalign version 2.3.4 (Wcebsite novocraft). Bascs with Phred
quality score <30 and reads with mapping quality score <30 were filtered. Multiple quality checks
(QCs) (cluster density, mapping rate, etc.) were applied to the sequencing run and each sample
was confirmed to have the desired number of reads (8 million) after filtering. Any pool failing
sequencing run QCs was re-sequenced. Any sample that failed to produce the necessary number
of reads was removed from the analysis.

Percent dd-cfDNA Calculation

For each sample, fraction of donor-derived cfDNA (donor fraction) was estimated based
on the minor allele frequencies measured for all SNPs where the recipient was homozygous. The
donor [raction calculation was based on a maximum likelihood estimalte over a search range [rom
0.0001 to 0.25 at increments of 0.0001. Our approach did not include a separate donor sample, and
donor genotypes were represented by a probability model that incorporated both population-based
prior probabilities (1000 genome) and the observed allele ratios. No heuristic adjustment was
needed for related donors due to lack of in-built assumptions regarding fraction of genotype
concordance between the recipient and the donor. Instead, the corresponding genotype inheritance
constraints were incorporated into the donor genotype probability model. This estimate mode was
referred to as "related estimate” and the unconstrained estimate was referred as "standard
estimate™.

Experimental Plan and Statistical Analysis

To evaluate the analytical performance of the test, LoB, LoD, LoQ, linearity, precision,
and accuracy were measured based on CLSI guidelines (EP-17A2, EPO5-A3) as further described

below. Tables 1A-1B below shows the experimental design.
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Table 1A: Experimental design for determining L.oB, LoD, LoQ and linearity
Parameters LoB LoD LoQ, Linearity
Sample Ref. Healthy Ref. Healthy blood donors Ref. Healthy blood donors
samples blood Samples Samples
(n=>5 donors (n=16) (n=14)
blanks) (n=15)
Input 15, 30,45 | Variable 15, 30, 45 15 15 Variable 15, 30, 45 15 15 Variable
mass (ng)
Sample N/A N/A 3:2 3: Unrelated | 3: Related | 3: Related 3:2 3: Unrelated | 3: Related | 3: Related
mixtures Unrelated, 1 cfDNA cfDNA library Unrelated, 1 cfDNA library
related mixes mixes mixes related mixes mixes
Donor fractions| N/A N/A 0.1,03,06(0.1,03,06| 01,03, | 03,06 |0.1,0.3,006, |0.1,03,0.6,]|0.1, 0.3, 0.3,0.6
(%) 0.6 1.2,24,5,10,] 1.2,2.4,5, [0.6,1.2
15 10
Number 68 60 274 60 27 28 638 96 36 28
of
Measurements
Total 128 389 798
Measurements
Table 1B: Experimental design for determining
accuracy, reproducibility, and repeatability.
Accuracy Reproducibility Repeatability
Sample Ret. Ref. Transplant Ref.
Samples Samples Samples Samples
(n=6)
Input 15, 30, 45 15, 30, 45 Variable 30
mass (ng)
Sample 3: 2 Unrelated, 3:2 N/A 1: Related
mixtures 1 related Unrelated, 1
related
Donor 0.1,0.3, 0.6, 0.1,0.3, 0.6, Variable 0.6,2.4
fractions (%) 1.2,2.4,5,10, 1.2,24,5,
15 10
Number 638 504 12 128
of
Measurements
Total 638 516 128
Measurements
Limit of Blank

Limit of Blank (LoB) was established using 1) reference samples (blanks or single

5 genome), developed from sheared gDNA of 5 different pure cell lines, obtained from SeraCare,

186



10

15

20

25

30

WO 2020/010255 PCT/US2019/040603

and 2) plasma-derived cfDNA samples (n=15) collected from healthy blood donors who never had
a transplant or recent blood transfusion. For reference samples, each of the pure cell lines were
tested at 3 different library input amounts (15, 30, and 45 ng) to mimic the expected cfDNA yield
achieved from 20 mL blood collections. However, for the plasma-derived cfDNA samples, the
input amounts were kept variable for library prep to simulate input variation in real samples. In
compliance with CLSI guidelines, samples were tested in triplicates on 3 different days with 2
different sequencing reagent lots that consisted of at least 60 measurements per lot for a total of
128 blank measurements.

LoB is dcfined as the cmpirical 95th percentile valuc measured from a sct of blank (no-
analyte) samplcs. The calculation was performed twice for the ccll-line derived reference samples
(once for each reagent lot), and again for the plasma-derived cfDNA. The plasma-derived cfDNA
samples included fewer replicates than recommended by the CLSI guidelines and were used for
consistency check only. The final LoB is the maximum of the lot 1 LoB and the lot 2 LoB. All
calculations were performed once using the standard donor fraction estimate and once using the
related donor fraction estimate in order to measure the corresponding LoBs for the two estimate
methods.

Limit of Detection and Limit of Quantification

Limit of Detection (LoD) and Limit of Quantification (LoQ) were measured using both
cell-line derived reference samples [rom SeraCare and plasma-derived c[DNA mixtures [rom
healthy volunteers. The reference samples were tested at 3 different cfDNA input amounts (15, 30
and 45 ng). LoD was measured at the three lowest donor fraction levels (0.1, 0.3, 0.6%), in 6
replicates by 2 operators on different days using different reagents lots, and sequencing
instruments. Plasma-derived cfDNA mixtures were tested at 15 ng input, for both unrelated and
related mixtures. The three unrelated cfDNA mixtures were tested at 3 lowest donor fraction levels
(0.1, 0.3,0.6%) in 6 replicates. Among 6 related cfDNA mixtures, three were tested at the 3 lowest
donor fraction levels (0.1, 0.3, 0.6%) in triplicate and the remaining three (mother-son) were tested
at 2 donor fraction levels (0.3, 0.6%), processed in duplicates. LoQ analysis included all the
samples used for LoD as well as a corresponding set of replicates at higher donor fractions (1.2,
24,5, 10, 15% for cell lines and 1.2, 2.4, 5, 10% for plasma-derived cfDNA).

LoD is calculated following the parametric estimate method specified in EP-17A2, which

computes LoD by adding a standard deviation term to the LoB. The standard deviation term
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consists of the pooled standard deviation (estimated from the set of replicates described in the
LoD), multiplied by a correction factor specified based on the number of samples. LoD is
calculated for each input mass and donor fraction estimate method, by combining the
corresponding LoB with the corresponding standard deviation measurement.

An appropriate LoQ assessment was selected based on the quantification requirements of
the test process. LoQ is defined as the lowest value of donor fraction at which sufficient relative
measurement precision is achieved, lower bounded by the LoD. Sufficient relative measurement
precision was defined as 20% coefficient of variation (CV), and CV was defined as the
measurcment standard dcviation divided by thec mcan. CV of donor fraction was obscrved to
depend on the donor fraction (d) with the relationship CV = a + b*exp(-c*d), where the model
parameters a, b and ¢ are estimated from the data using a non-linear least squares procedure. The
CV model (described by parameters a, b, ¢) was estimated for each input mass and donor fraction
estimate method, and the corresponding LoQ was the lowest value for which the model satisfies
the CV requirement with LoD as the lowest possible LoQ. This model-based approach requires
inclusion of higher donor fraction measurements for the LoQ assessment in order to ensure
convergence to an appropriate constant value at high donor fraction.

Linearity and Accuracy

Linearity was measured using cell-line derived reference samples at cfDNA input amounts
(15, 30, 45 ng) at all manulactured donor [ractions levels (0.1, 0.3, 0.6, 1.2, 2.4, 5, 10, 15%) by 2
operators on different days using different reagent lots, and sequencing instruments. All seven
donor fractions (0.1, 0.3, 0.6, 1.2, 2.4, 5, 10%) of unrelated plasma-derived cfDNA mixture
samples at 15 ng input were used to compare linearity with the cell line derived data. For the
plasma-derived cfDNA mixtures, 6 replicates of the 3 lowest donor fractions (0.1, 0.3, 0.6%) and
triplicates of 4 high donor fractions (1.2, 2.4, 5, 10%) were assayed. In order to evaluate the
accuracy, or trueness, of the transplant test, SeraCare reference mixtures at 8 donor fractions up to
were 15% were used at 15, 30 and 45 ng input.

Linearity was evaluated based on the R? value produced by a standard linear regression
analysis of the relationship between measured donor fraction and targeted mixture fractions.
Accuracy was evaluated based on the linear regression analysis of the relationship between
measured donor fraction and the orthogonal ddPCR measurement.

Precision
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Precision was measured by testing reproducibility (inter-run) and repeatability (intra-run)
across 632 reference samples. To assess inter-run reproducibility, 3 SeraCare donor-recipient
mixtures (0.1, 0.3, 0.6, 1.2, 2.4, 5, 10%) were tested with replicates at 15, 30, 45 ng input.
Repeatability was determined by measuring variability between technical replicates of samples
measured under similar conditions. One related (mother-son) SeraCare reference mixture at 0.6
and 2.4% donor fractions was assayed by a single operator, reagent lot, and instrument for a total
of 128 measurements. In addition to cfDNA mixtures, matched blood draws (4 tubes/patient) from
transplant recipients were run in duplicates and evaluated for reproducibility in clinical samples.
Samplcs were processed by 2 different operators on 8 different days (24 runs across 23 days) with
3 rcagent lots and 17 sequencing instruments.

Repeatability was defined as the coefficient of variation (CV) measured across the set of
replicates at a single targeted donor fraction, under matched conditions. Thus, CV was calculated
once at 0.6% donor fraction and once at 2.4%. Reproducibility was also measured using CV,
calculated separately for each combination of DNA input amount and mixture fraction.

RESULTS

LoB was calculated using 64 measurements for each of two reagent lots. The LoB was
0.11% using the unrelated donor estimate and 0.23% using the related donor method. Evaluation
of plasma-derived cfDNA measurements only (combined across both lots) resulted in LoB 0.04%
(unrelated) and 0.08% (related), suggesting that the LoB in patient samples may be equivalent or
superior to that measured using reference samples, although the sample size is limited (60
measurements). There was no significant difference between DNA input amounts. FIG. 23 shows
histograms of the relevant donor fraction measurements broken down by method and lot.

LoD was calculated from 168 unrelated and 220 related measurements, resulting in LoD
of 0.15% (unrelated) and 0.29% (unrelated). These numbers exclude one sample that failed QC
due to insufficient number of reads. Note that the difference in LoD for related versus unrelated
donors was approximately equal to the difference in corresponding LoB, meaning that the
measurement variance near the LoD was approximately the same in the two methods. There was
no significant impact due to DNA input amount. Following an approach similar to the one taken
for LoB analysis, restriction to plasma-derived cfDNA measurements resulted in lower estimated
LoD: 0.05% (unrelated) and 0.11% (related), although the number of measurements was less than

ideal (54 related, 60 unrelated).
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LoQ was calculated from 381 unrelated and 412 related measurements, after exclusion of
5 samples due to insufficient number of reads. Empirical CVs were calculated in the set of sample
replicates at each targeted donor fraction and they were all less than 20%, including cell line-
derived and plasma-derived cfDNA. Parametric models were fit for each reagent lot, once for
related mixtures and once for unrelated. Empirical CVs and the resulting parametric models are
shown in FIG. 24. The modeled CVs were also less than 20% for all donor fractions greater than
or equal to the LoD. Thus, the LoQ was equal to the LoD for all scenarios.

LoB Analysis: Tables 2-4 below summarize the mean, median, and standard deviation

valucs of the mecasurcd donor fractions for cach lot and modec of the test.

Table 2: Mean values of measured donor fractions for related and uvnrelated cases for
Eots 1 and 2.

RMean Doner Fraction otk Lot
Related 0.03% 0.06%
Unrelated 0.02% 0.03%

Eots 1 andd,

Table 3: Median values of measure donor fractions for related and unrelated cases for

Redian Donor Fraction Lotd fot2
Related 0.01% 0.03%
Unrelated 0.01% 0.01%

unrelated cases for Lots 1 and 2.

Table 4: Standard deviation values of measured donor fractions for related and

Std. Dev, Doner Fraction Fotl Lot2
Related 0.05% 0.1%
Unrelated 0.02% 0.05%

To demonstrate the performance ol the test for gDNA and c[DNA samples separately, we
computed LoB for each case by using 60 (resp. 68) measurements coming from cfDNA (resp.
gDNA) samples. To increase the sample size, we did not distinguish between the lots. Histograms
showing (resp. LoB values) for each DNA type and mode of the test are depicted in FIG. 29 (resp.
Table 5).

Table 5: LoB valuses for related and unrelated modes of the test gDINA and cfBNA
samples.

LoB gDNA cfDNA

Related 0.23% 0.08%

Unrelated 0.11% 0.04%
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LoD Analysis: The parametric LoD computation method necessitated that: (i) the
measurements from low-level samples (approximately) followed a Gaussian distribution, and (ii)
the empirical standard deviations of the said samples (approximately) remained constant as a
function of empirical mean. Histograms of centered, measured donor fractions for each lot and
each test mode are shown in FIG. 30. The empirical standard deviation as a function of empirical
mean for both lots and test modes is shown in FIG. 31. The data disclosed in FIG.s 30 and 31
demonstrated that these two conditions are satisfied for both related and unrelated low-level
samplcs.

To demonstratc LoD for gDNA and cfDNA samplcs scparately, as well as to sce the effect
of input amount for gDNA samples, the above outlined LoD analysis was performed for these sets
of samples separately, by using the corresponding LLoB values for each case. Specifically, 54
related and 60 unrelated measurements were used for cfDNA case. Further, for gDNA case, 18
related, 36 unrelated measurements were used for 15 ng and 45 ng inputs; and 130 related, 36
unrelated measurements were used for 30 ng input. The computed LoD values with respect to test
mode and input amount for gDNA samples are shown in Table 6 below, whereas the LoD values

for two different test modes for cfDNA samples are shown in Table 7 below. .

Table 6: LoD values for related and unrelated modes of the test for 15, 30, 45 ng inputs
for gDNA samples.

gDNA-LoD 15ng 30ng 45ng

Related 0.28% 0.26% 0.25%
Unrelated 0.13% 0.13% 0.12%

Table 7: LoD values for related and

unrelated modes of the test for cfDNA samples.

cfDNA LoD
Related 0.11%
Unrelated 0.05%

LoQ Analysis: Similar to LoD analysis, we evaluated LoQ numbers for gDNA samples,
which were further partitioned with respect to their input amounts. As depicted in FIG. 32, all the

measured CV values for all the spike levels tested were below 20% cutoff for related samples at
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all input levels, as well as related samples at 15 and 45 ng input levels. Thus, for all these cases,
lower LoQ was equal to LoD, by definition. For related samples with 30 ng input level, fitted curve
intersected with 20% CV level at approx. 0.174%, which was lower than the corresponding LoD,
i.e., 0.26%, for this case. Thus, the lower LoQ was again equal to LoD, by definition. Further, we
also computed LoQ values for cfDNA samples, as depicted in FIG. 33. Clearly, for both cases, we
had lower LoQ equal to the corresponding LoD. The estimated parameters of the non-linear fit for

CV for every scenario we report LoQ values is shown in Table 8 below.

Table 8: Estimated parameters of the exponential decaying model of the CV for every
scenario we report LoQ values

Data Set a b c
cfDNA+gDNA, Related, Lot 1 0.950216 16.4685 1.88562
cfDNA+gDNA, Related, Lot 2 1.82651 24.2948 6.82745
cfDNA+gDNA, Unrelated, Lot 1 0.557873 6.16417 1.53284
cfDNA+gDNA, Unrelated, Lot 2 0.715364 7.00144 1.00344
gDNA, Rclated, 15ng 0.907757 18.3994 1.97114
gDNA, Related, 30ng 0.798892 45.2805 4.943
gDNA, Related, 45ng 0.746606 7.695009 2.62489
gDNA, Unrelated, 15ng 1.06598 14.2357 6.04647
gDNA, Unrelated, 30ng 1.4362 17.0526 7.3715
gDNA, Unrelated, 45ng 0.801393 12.0185 5.69333
cfDNA, Related 1.88546 132754 53.5112
cfDNA, Unrelated 0.654995 10.1971 6.67823

Linearity, Accuracy and Precision

Linearity was measured from 381 unrelated and 412 related samples, after removal of 5
samples that failed QC due to insufficient number of reads. Accuracy was measured from the
subset of these (the cell line-derived reference samples) for which ddPCR donor fraction was
available as a reference: 285 unrelated and 349 related, after exclusion of 4 samples due to
insufficient number of reads. The individual measurements and linear regression lines are shown

in FIG. 25 (linearity) and FIG. 26 (accuracy). Linearity was measured by linear regression against
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the targeted donor fraction, and accuracy was measured by linear regression against the ddPCR-
measured donor fraction. The linear regression results are shown in Tables 9 and 10 below. The
donor fraction measurement was shown to be highly linear (R? greater than 0.99 in all models) and
accurate (slope approximately 1, intercept approximately zero). There was no significant

difference between related and unrelated donors as determined by combined regression.

Table %: Linear regression results for Huearity and accuracy, including 95% confidence
interval.

2

slope intercept R

accuracy, combined

1.0591 (08763, 1.1418)

0.0001 -0.0045, 0.0047

(1LO9ER (0.9987, 0.9990)

accuracy, related

10333 (1.9241, 1.1425)

-0.0001 L0047, 5.0046)

(1L.998S ({19986, 0.9990)

accuracy, unrefated

1.0664 (09416, 1.1812)

0.0008 (-0.0076, 0.0092)

0.9997 (0.9097, 0.9998)

linearity, combinad

FLOSTS (09781, 1125

0.0004 (-0.0033, 0.0042)

(1.9968 ({19964, (1L.9972)

fineartty, related

0.9852 (0.8885, 1.080%)

G.0008 (-0.0031, 0.0047)

(.9991 (0.9989, 0.9992)

linearity, unrelated

1.0813 (0.9721, 1.1906)

0.0006 -0.0060, 0.0071)

0.9995 (0.5994, 0.9996)

Table 1{(: Linear regression vesults for linearity, including 95% confidence intervals, for
clinical samples.

slope intercept B2

1.0125 ((0.3932, 2.4183) 00002 (0.0121, 00117 0.9995 ((3.9984, 1.0000)

The precision of the herein disclosed methods were evaluated by measuring repeatability
within a single experiment run and set of conditions and reproducibility across a varied set of
conditions. Repeatability was measured using CV at two targeted donor fractions (0.6% and 2.4%),
each using 64 cell line-derived sample measurements with no samples removed due to QC failure.
The CV was 1.85% (95% CI: 1.34% - 2.73%) at 0.6% targeted donor fraction, and CV was 1.22%
(95% CI: 0.88% - 1.80%) al 2.4% largeled donor [raction. Per input reproducibility was calculated
by using 498 measurements, after removal of 6 samples that failed QC due to insufficient number
of reads. For 15ng input, the CV was 3.10% (95% CI: 1.58% - 4.37%); for 30ng input, the CV was
3.07% (95% CI: 1.42% - 4.50%); for 45ng the CV was 1.99% (95%CI: 1.10% - 2.75%). Per lot
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reproducibility was calculated from a subset of the aforementioned samples, whose cardinality is
374, which excludes 4 samples that failed QC due to insufficient number of samples. The CV for
Lot 1 was 3.99% (95% CI: 2.42% - 5.41%) and the CV for Lot 2 was 4.44% (95% CI: 2.69% -
6.02%).

We also evaluated linearity and precision of the test for clinical transplant samples, in line
with the aforementioned analysis. To this end, 12 measurements, none of which failed due to QC,
were used. Linearity was measured by performing linear regression of the measured donor fraction
from Lot 2 against Lot 1. The measurements and linear regression lines are shown in FIG. 27, and
the corresponding lincar regression results arc provided. The estimated precision of the tested was
determined to have a CV of 4.29% (95% CI: 0.65% - 6.86%). Finally, wec obscrved 100%
concordance (95% Cl: 54.07% - 100%) between replicates.

Accuracy Analysis: To demonstrate the accuracy for cfDNA samples, we used donor
fraction estimated by using SNP's from HNR in lieu of ddPCR for gDNA. The rationale of using
this method as a more precise alternative to the conventional donor fraction estimate using non-
HNR SNP's was due to the following: since HNR were non-recombining, and the cfDNA samples
were designed to have a female background with male spike-in, the Y chromosome allele
measurements were directly attributable to the donor signal. The accuracy analysis was carried out
by using 63 related and 96 unrelated cfDNA measurements, which excluded one sample that failed
QC due (o insulflicient number of reads. The individual measurements and linear regression lines
are shown in FIG. 34, and the corresponding linear regression results are shown in Table 11 below.
It should be noted that relatively wider confidence intervals for cfDNA estimates compared with
their gDNA counterparts is probably a result of the relatively smaller sample size of the former

compared with the latter.

Tahble 11:; Linear regression resulis for accuracy of cfI3NA samples, including 985%
confidence Infervals.

cfDNA-acewracy | slope intercept ’?

Unrelated 1.0108 (0.8038, 0.0002 (-0.0076, 0.9996 (0.9994,
1.2179) 0.0080) 0.9997)

Related 1.0440 (0.7727, 0.0007 (-0.0012, 0.9706 (0.9517,
1.3153) 0.0027) 0.9993)

Combined 1.0073 (0.8484, 0.0005 (-0.0042, 0.9991 (0.9987,
1.1662) 0.0053) 0.9993)
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Linearity Analysis: Similar to previous performance metrics, we broke down the linearity
analysis for gDNA and cfDNA samples separately. Specifically, for gDNA analysis,349 related
and 285 unrelated measurements were used, and for cfDNA analysis, 63 related and 96 unrelated
measurements were used. The individual measurements and linear regression lines (resp.
individual measurements on a log-log scale) for gDNA samples are shown in FIG. 35 (resp. FIG.
36). Similarly, the individual measurements and linear regression lines (resp. individual
measurements on a log-log scale) for cfDNA samples are shown in FIG. 37 (resp. FIG. 38) depicts

Tables 12 and 13 contain corresponding linear regression results for gDNA and cfDNA,

respectively.

Table 12: Linear regression results for accuracy of gDBNA samples, including 5%

counfidence intervals.

gDINA- slope intercept R?

Bnearity

Unrelated 1.0804 (0.9540, 0.0007 (-0.0077, 0.99989
1.2069) 0.0091) (0.99986,0.99992)

Related 0.9876 (0.8833, 0.0005 (-0.0041, 0.9994 (0.9974, 0.9995)
1.0920) 0.0052)

Combined 1.0515 (0.9693, 0.0003 (-0.0043, 0.9969 (0.9964, 0.9974)
1.1338) 0.0049)

Table 13: Linear reg

cfDNA~ slope infercept R?

Bnearity

Unrelated 1.0787 (0.8574, 1.300) | 0.0002 (-0.0076, 0.9962 (0.9943,

0.0080) 0.9975)

Related 1.3368 (0.9895, 0.0001 (-0.0020, 0.9713 (0.9528,
1.6841) 0.0022) 0.9965)

Combined 1.0734 (0.9038, 0.0008 (-0.0039, 0.9953 (0.9935,
1.2430) 0.0055) 0.9965)

Repeatability and Reproducibility Analysis: To compute the confidence intervals on the
estimated CV's for repeatability analysis, we used the classical bounds as deseribed in MceKay,
“Distribution of the coefficient of variation and the exiended t distribution,” Jowrnal of the Roval
Staristics Sociery, B5(4): 695--69% (1932, based on a chi-squared approximation. The derivation
of these bounds assumes that the underlying measurements from which CV s estimated are

realizations from Gaussian distributions. Histograms in FIG. 39 verified that said assumption is

justified in our case.
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¥t should be noted that chi-squared approximation-based bounds used in the repeatability
analysis is not suitable to compute the confidence intervals of the estimated CV's for
reproducibility analysis because the vnderlying measureraents from which CV value is estimated
do not follow a Gaussian distribution, due o the broad range of underlying donor fraciions. Thus,
we compuied confidence intervals by a standard bootstrapping technigue. Because of the inherent
stochasticity of the approach, the particular values may shightly vary for each trial of the method.
Confidence intervals of the estimated concordance between clinical samples was computed via
Clopper-Pearson method for binomial proportions. Specifically, we used the closed-form
cxpression of the said mcthod for 100% obscrved sucecess rate.

DISCUSSION

Kidney transplantation, pioneered in 1954 at Brigham hospital, has resulted in a dramatic
improvement in the quality of life for patients with kidney failure. Introduction of several
generations of immunosuppressive treatments has brought down the rejection rate, however, it
remains unacceptably high at about 5% per year, with more than half of allografts failing by year
ten. Early detection of rejection in kidney transplant recipients holds the promise to improve this
further but remains an unmet need due to non-availability of sensitive and non-invasive diagnostic
kits. To diagnose acute renal transplant rejection, measurement of renal filtration function is most
commonly recommended through a serum creatinine test. Although the serum creatinine test is an
inexpensive lest [or transplant rejection, detecling (ransplant rejection by measuring serum
creatinine has physiologic limitations and is highly imprecise. The most definitive diagnosis of
renal allograft dysfunction thus relies on the histopathological evaluation of a percutaneous
ultrasound-guided biopsy, which is invasive and can lead to major/minor complications such as
bleeding. In addition, the interobserver variability impedes the reliability of biopsies. Given the
existing limitations with current methods, there remain a medical need for improved methods for
detecting transplant rejection that are non-invasive, inexpensive, sensitive, specific, and have a
rapid turnaround. The present disclosure provided a strong case for dd-cfDNA, as a biomarker to
monitor health of renal transplant that fulfilled this need.

The present disclosure addressed the analytical validity of the donor fraction quantification
method used in Sigdel et al. 2018. The clinical interpretation described in Sigdel et al. 2018
classified a patient as having increased risk of organ rejection when the donor fraction is greater

than 1%. Thus, the analytical performance described herein should be interpreted in the context of
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accurately classifying a sample with respect to that threshold. From that perspective, we observe
that the LoD and LoQ are 0.15% for unrelated donors and 0.29% for related donors based on an
LoQ definition of 20% CV, implying ability to accurately quantify donor fraction at a level
significantly lower than the classification threshold. These measurements were based on cell line-
derived reference samples and performance was estimated to be equivalent or superior using a
smaller number of plasma-derived cfDNA samples. Similarly, the method was confirmed to have
high accuracy based on linear regression with respect to an orthogonal measurement, with linear
regression parameter confidence intervals including slope equal to one and intercept equal to zero,
bascd on 349 rclated and 285 unrclated mcasurcments. Performance was cvaluated with respect to
a rangc of DNA input mass, which did not drive any consistently dctectable performance
difference over the tested range from 15 ng to 45 ng. Precision studies showed that the donor
fraction measurement was stable across in-run and cross-run replicates, across multiple lots of
critical reagents, and between repeat (concurrent) blood draws from the same patient. Accordingly,
this study indicated that the test was appropriate for clinical implementation.

The present study was designed to assess performance independently in related versus
independent donors due to concern that the higher rate of genotype concordance (implying lower
rate of informative genotypes) in a related donor scenario might limit the accuracy of the donor
fraction estimate. This was tested using a large number of replicates of a mother-child cell line-
derived donor pair along with smaller number of replicates [rom plasma-derived DNA [rom other
subject pairs with relationships including siblings and lesser degree of relatedness. We observed
that LoB was higher in related donor pairs, which led to correspondingly higher LoD. However,
all of the other metrics including linearity and the various precision metrics were equivalent
between related and unrelated donor pairs, showing that the quantitative performance of the test
was not meaningfully impacted by the reduced number of informative genotypes, based on
confirmation from a variety of contrived samples. This statistical approach was also superior to a
probability-based approach for modeling donor genotypes, because the statistical approach does
not have to make any assumptions about the fraction of SNPs in which the donor has one allele
versus two alleles different from the recipient.

Multiple ongoing registry studies are expected to demonstrate clinical utility for the dd-
cfDNA assay, for example, it is expected to lead to more effective use of biopsy. As dd-cfDNA is

a marker indicating ongoing allograft injury, as opposed to creatinine which is a lagging indicator
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showing decreased functioning, it is expected to lead to earlier detection of kidney rejection.
Earlier detection allows more rapid intervention in the case of rejection, possibly leading to lower
de novo DSA levels, less allograft damage, and improved graft survival rates. Additionally, it may
give nephrologists a tool that would allow them to better optimize immunosuppressive regimens,
with the goal of minimizing immunosuppressant-related toxicity without an increase in the rate of

rejection.

Example 4. KidneyScan.

INTRODUCTION

With 20-30% of transplantcd kidncys failing within five ycars and only 55% survive to ten
years, the limitations of current standard-of-care for monitoring renal allograft rejection are severe
and costly. The cost associated with a failed renal transplant patient may be 500% more than a
patient with a functioning transplant. As such, there is a clear need for timely, sensitive, specific,
non-invasive diagnostic tools to improve kidney transplant management. Applicant has created an
assay, KidneyScan, that aids physicians in detecting rejection events earlier, avoiding unnecessary
biopsies and more safely optimizing immunosuppression levels to increase kidney graft survival
rates.

KidneyScan is a non-invasive blood test validated for first-time kidney allograft recipients
>18 years of age al a minimum of two weeks post-transplant across ethnicilies. The assay is (o be
used upon physician-assessed pretest to further assess the probability of active renal allograft
rejection. A step before new biopsy, KidneyScan may help appropriately rule in rejection when
patient otherwise appears stable and suspicion is unclear; or appropriately rule out rejection when
patient presents with a clinical risk of rejection.

The single-nucleotide polymorphism (SNP)-based massively multiplexed PCR (mmPCR)
assay targets 13,926 SNPs to accurately detect allograft rejection/injury without the need for donor
genotypes. Leveraging a proven biomarker and an established methodology, the SNP-based dd-
cfDNA assay identifies active rejection by measuring the fraction of donor derived cell-free DNA
(dd-cfDNA) in the patient’s blood, a mixture of donor and recipient cell-free DNA. Because cells
release dd-cfDNA upon graft injury or death, a higher dd-cfDNA fraction indicates a higher

likelihood of active rejection.
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In a recent blinded, large scale prospective study of 217 biopsy-matched renal allograft
samples, a retrospective analysis of the SNP-based dd-cfDNA assay demonstrated superior
accuracy in detecting active rejection over current standard of care (¢GFR and serum creatinine)
with high sensitivity (88.7% vs. 67.7% vs. 51.6%), specificity (72.6% vs. 65.3% vs. 67.5%) and
AUC (0.87 vs. 0.74 vs. 0.68). Additionally, the SNP-based dd-cfDNA assay distinguished acute
rejection from each non-rejection (borderline injury, other injury and stable) significantly better
than eGFR (P < 0.0001 for each). These findings established dd-cfDNA as an earlier, more
accurate biomarker for active rejection than the standard-of-care that can be used prior to the
dcterioration of renal function. Acknowledged by the KDIGO guidelines, *“dctecting kidney
allograft dysfunction as soon as possible will allow timcly diagnosis and trcatment™.

Furthermore, the SNP-based dd-cfDNA assay accurately identified a broad distribution of
rejection types (antibody-mediated rejection, T-cell mediated rejection and combination) from
non-rejection at the predefined cut-off of >1%. This distribution encompasses the leading causes
of allograft failure occurring in 20-25% of patients in the first 12-24 months and are missed through
current standard of care tools. Incorporating the SNP-based dd-cfDNA assay into transplant
assessment protocols may lead to timely detection of rejection and earlier tailored
immunosuppression treatments. KidneyScan offers physicians the clinical advantage of
identifying active rejection (including subclinical) earlier, comprehensively and non-invasively to
ultimately improve the care ol kidney transplant patients.

Background

Chronic kidney disease (CKD), a worldwide health burden, affects 10% of global
population and results in adverse outcomes such as kidney failure, cardiovascular disease and
premature death. Approximately, 15% (30 million) of adults in the United States are estimated to
have CKD with close to 1 million persons having end stage renal disease (ESRD). Lifestyle
diseases such as diabetes, atherosclerosis and hypertension related to the aging society have led to
an increased prevalence of ESRD.

Kidney Transplantation

Kidney transplantation is a preferred treatment for ESRD and is associated with lower
morbidity, mortality, improved quality of life and is cost effective when compared to renal
replacement therapy. However, according to the 2018 annual report published by United States of
Renal System, in 2016, 70.1% of patients with ESRD were being treated with dialysis, and only
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29.6% had a functioning kidney transplant. The annual US Medicare spending for combined for
CKD and ESRD exceeded $114 billion with a yearly per-patient cost of approximately $90,971
for hemodialysis and $34.,780 for kidney transplant in 2016. At present, more than 19,000 kidney
transplants are performed in the US annually, resulting in approximately 200,000 patients living
with a functioning kidney.

Challenges and Unmet Need

Although kidney transplantation is a treatment of choice over dialysis, it poses a unique set
of challenges, wherein the patient is maintained on life-long immunosuppressive regimens.
Approximatcly 20-30% of paticnts, posttransplant, cxperience ovcrall renal graft failure within
first 5 ycars and only 55% of transplantcd kidncys survive to 10 ycars. Kidney allograft rcjection
diagnosed pathologically is categorized into T-cell and antibody mediated rejection
(TCMR/ABMR), based on Banff 2013 schema. Therapeutic strategies focusing on improving graft
survival outcomes primarily relate to the reduction in the incidence and consequence of TCMR
but not ABMR. Despite advances in immunosuppression therapies and desensitization techniques,
the long-term graft survival depends on ABO or Human leukocyte antigens (HLA) compatibility,
with the latter being identified as a significant risk factor for developing ABMR, ultimately leading
to allograft loss. ABMR is a continuous process that can occur at different time points, leading to
acute and chronic damage. With the advances in therapeutic strategies, acute renal dysfunction can
be reversed bul cannot eliminate donor specific anti-HLA antibodies being secreted [rom plasma
cells, originating from spleen and bone marrow that lead to a slowly progressive form of ABMR,
referred as subclinical ABMR that can only be diagnosed through protocol biopsies. Another major
factor that impacts the long-term allograft health of transplant recipients are a variety of viral
infections such as, cytomegalovirus, Epstein Barr virus, or BK virus, which are caused by chronic
immunosuppression. With the above-mentioned clinical challenges, it is evident that a need exists
for an efficient posttransplant, standard-of-care that can bring precision medicine with
personalized tailoring of immunosuppressive drug regimens in order to improve the management
of kidney transplant.

Current Standard-of-Care and Limitations

Current standard-of-care options to monitor kidney health in transplant recipients include
protocol (or surveillance) biopsies as well as assessing dynamic changes in serum creatinine and

other parameters, such as proteinuria and levels of immunosuppressive drugs. Although protocol
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biopsies are considered the “gold standard”, their clinical utility is significantly limited due to
invasiveness, cost, inadequate sampling, and poor reproducibility. In addition, protocol biopsies
may be contraindicated in patients with uncontrolled hypertension, renal vascular anomalies,
anticoagulant use and acute pyelonephritis. In order to diagnose acute renal transplant rejection,
measurement of renal filtration function is most commonly recommended through a serum
creatinine test or its algorithmic derivative: estimated glomerular filtration rate (¢GFR). Although
inexpensive, serum creatinine is highly imprecise due to its low sensitivity and specificity and has
physiologic limitations (it is influenced by diet, muscle mass, medications such as trimethoprim
and cimetidine, and new/rccurrcnece of a discasc). Morcover, creatinine is a lagging indicator of
renal injury; by the time scrum creatinine levels incrcasc, the allograft has alrcady undergonce
severe and irreversible damage.

The limitations of current standard-of-care expose an unmet need for a rapid, accurate, and
noninvasive approach to detect allograft rejection and/or injury, which may require integration of
the current “gold” standard morphological assessments with modern molecular diagnostic tools.

Donor-derived cell-free DNA (dd-cfDNA) - noninvasive biomarker

Donor-derived cell-free DNA (dd-cfDNA), detectable noninvasively in the plasma of
transplant patients, is a proven non-invasive biomarker for kidney transplant rejection, and holds
promise for producing faster and more quantitative results compared with current treatment
options. With a short half-life of c[DNA (<1hr) in blood, it provides an opportunity (or rapid,
dynamic assessment and potentially early diagnosis of allograft health. Specifically, it has the
potential to improve the use of protocol biopsies, i.e. reduce unnecessary biopsy. In addition,
propose a possible need for a biopsy in patients with subclinical rejection who appear to be
clinically stable thereby, facilitating personalization of treatment regimens for an optimal outcome.

Applicant has an established, long-standing expertise in dd-cfDNA domain ranging from
reproductive health to oncology, and are looking forward to applying this technology to help
nephrologists better care for their renal transplant patients. The following sections present a
detailed overview of KidneyScan, Applicant’s SNP-based dd-cfDNA technology, followed by a
description of our analytical and clinical validation of the assay.

Sample Processing and Sequencing

Applicant’s transplant test measures the fraction of donor derived cell-free DNA

(ddcfDNA) in total cell-free DNA (cfDNA) derived from blood plasma of transplant patients. The
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method is described in and has since included minor updates for compatibility with Applicant’s
CLIA lab, such as changing from HiSeq to NextSeq sequencer. The plasma workflow includes
cfDNA extraction using Applicant’s in-house proprietary chemistry, library amplification, and
amplification of a set of single nucleotide polymorphism (SNP) loci using targeted massively
multiplex PCR. Donor fraction is estimated using thousands of SNPs located on chromosomes 2,
13, 18 and 21. The SNPs were selected for high minor allele frequency across multiple ethnicities
based on a large reference dataset. High throughput sequencing is performed on Illumina NextSeq,
followed by demultiplexing and mapping to the human reference genome. The donor fraction
cstimatc is bascd on the allcle ratios obscrved at the targeted SNP locations.

Donor fraction calculation

Donor fraction is calculated from the set of SNPs where the recipient is homozygous, with
genotype either RR (homozygous reference allele) or MM (homozygous mutant allele). The
general principle is that when the recipient has genotype RR and the donor has genotype RM, the
observed fraction of M allele corresponds to half the donor fraction. When the recipient has
genotype RR and the donor has genotype MM, the observed fraction of M allele corresponds to
the full donor fraction. When the recipient and host both have genotype RR the SNP does not
inform the estimate. The set of genotype combinations where the recipient is MM is interpreted in
the same way.

The mathemaltical approach is a maximum likelihood estimate over a [ixed search range,
combining data from recipient-homozygous SNPs. The data likelihood is calculated for each
candidate donor fraction and the donor fraction estimate is the candidate value that produces the
maximum data likelihood. This can be interpreted as choosing the candidate value which best
explains the observed sequencing data according to a mathematical model. Donor genotype
estimates are incorporated into the data likelihood calculation based on their prior (population-
based) probabilities and the observed data. This method does not require any heuristic adjustment
factors for varying degrees of recipient-donor relationship. However, when there is a relationship
(indicated on the test requisition form) we constrain the genotype prior probabilities to reflect the
required genotype concordance.

Summary of Analytical Performance

Analytical performance was assessed according to CLSI guidelines. All of the analytical

performance results including accuracy, limit of quantitation and precision were satisfactory in the
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context of the proposed clinical use. We highlight two important findings from our analytical
performance studies: (1) Performance of the assay in related and unrelated donor/recipient pairs
given that 10-15% of renal allografts involve highly related individuals; (2) Comparison of
performance to another commercially available dd-cfDNA assay which has received a positive
limited coverage decision (LCD) from MolDx

Analytical Performance in Related VS Unrelated Samples

SNP-based donor fraction estimates depend on differences between the recipient and host
genotypes. Variations from the expected rates of different host-vs-donor genotype pairs may
impact the accuracy of the cstimate and methods using insufficicnt number of SNP mcasurcments
arc cspecially susceptible to thesc risks. KidneyScan’s usc of probabilistic genotype modcling
combined with thousands of SNP measurements enables equivalent performance in related versus
unrelated donor scenarios, confirmed by testing on mixture samples created from related
individuals. KidneyScan achieves equivalent accuracy and precision for related versus unrelated
donors; the only difference in performance is in the LoB, leading to corresponding (minimal)
difference in LoD and LoQ, which all remain far from the classification threshold.

Comparison of KidneyScan Analytical Performance to other dd-cfDNA assays

KidneyScan analytical performance was compared to a commercially available dd-cfDNA
assay with analytical performance described in Grskovic et al, 2016. FIG. 40 shows similarly high
quality accuracy assessment data for the two assays, both comparing (o digital droplet PCR as the
orthogonal reference measurement. KidneyScan is accurate with respect to the reference
measurement, indicated by a linear fit with slope approximately 1, intercept approximately zero,
and R-squared approximately one.

KidneyScan has analytical limits (LoB, LoD, LoQ) similar to the previously published
assay. Additionally, none of the relevant limits are close to the classification threshold at 1%,
which implies that they will not limit clinical accuracy. Additionally, KidneyScan has better
repeatability (5 fold) and inter-run precision (2.3 fold) as measured by CV near the classification
threshold. Table 14 shows performance for unrelated donors because the Grskovic study did not
directly assess performance in the case of related donors, but rather addressed this scenario using

in silico adjustment from measurements of unrelated donors.
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Table 14: Comparison of Kidnevhean and Grskovie dd-ofi¥NA assay key performance
metrics.
KidneyScan | Bloom et al [Grskovic et al,
2016]
Limit of Blank (%) 0.11 0.10
Limit of Detection (%) 0.15 0.15
Limit of Quantitation{%) 0.15 0.20
Repeatability (within run) at 0.6% donor 1.85 9.2
fraction (CV)
Inter-run precision (CV) 1.99 4.5

CLINICAL VALIDITY
Our assay has been shown to identify all types of active rejection (AR) with greater
sensitivity and specificity than serum creatinine or estimated glomerular filtration rate (¢GFR), the
current standard of care. This performance validation underscores the assay’s potential use as (1)
a better tool for the early, non-invasive identification of AR; (2) avoidance of biopsy when it is
unnecessary (no actionable finding) or contraindicated; and (3) personalization of
immunosuppression therapy. In brief, this section includes a short description of the clinical
validation that has been conducted as well as discussion of five performance aspects by which this
test was clinically evaluated:
® 89% sensilivily and 73% specilicily for detection of AR
e High accuracy in detecting subclinical rejection with 92% sensitivity
e More reliable than SCr and eGFR for detection of AR
e Test performance independent of rejection type, including ABMR and TCMR
® Test performance independent of donor type, including living/deceased and
related/unrelated
Test performance was validated in a population with broad diversity of age and ethnicity.
This is a clinically significant advantage of our study vs. Bloom et al, 2017, whose patient
population was less diverse. Graft survival and patient management are known to vary by ethnicity,
for example, the eGFR metric is calculated based on serum creatinine (SCr), with adjustment for
age, sex and ethnicity.
89 % sensitivity and 73 % specificity for detection of AR
A comparison of Applicant’s dd-cfDNA test, the dd-cfDNA test described in Bloom et al,
2017, and cGFR shows the supcriority of dd-cfDNA comparcd with the current standard (Tablc
15). It also shows higher scnsitivity, AUC, and NPV of Applicant’s dd-cfDNA assay comparcd

204



WO 2020/010255

PCT/US2019/040603

with Bloom, indicating performance of Applicant’s methods that is as good or better than the one

outlined in Bloom.

Table 15: Comparison of dd-cfDNA Tests Performance to eGFR
Applicant’s dd-cfDNA Bloom et al, 2017 eGFR
Test
Cutoff level for >1% >1% <60
identifying AR
Overall Performance
Fivi 0, 0, o/ _ 0,
Sensitivity 88.7% (95% confidence | 227 (95% Cl. 44%-74%) | o g0 (95% CI, 51.3%-
interval [Cl], 77.7%- 84.2%)
99.8%)
H =P [+) 0, o/ _ [5) [s) O/ i [5)
Specificity ;g.g; (95% Cl, 65.4% 85% (95% Cl, 79%-91%) | ¢ 0, (95% CI. 57.6%-
-8%) 73.0%)
o, -
AUC 0.87 (95% Cl, 0.80-0.95) 0.74 (95% Cl, 0.61-0.86) 0.74 (95% Cl, 0.66-0.83)
* 0
PPV 52.0% (95% Cl, 44.7%- >7% 39.4% (95% Cl, 31.6%-
59.2%) 47.3%)
* [
NPV 95.1% (95% Cl, 90.5%- 86% 85.9% (95% Cl, 75.9%-
99.7%) 92.2%)
PPV* 36.4% (95% Cl, 29.6%- | 41% 25.6% (95% Cl, 19.4%-
43.1%) 31.9%)
NPV’ 97.3% (95% Cl, 94.8%- 92% 92.0% (95% Cl, 88.1%-
99.9%) 95.8%)

"Assumes a 25% prevalence of rejection {at-risk population)
5 TAssumes a 15% prevalence of rejection (lower risk population)

High accuracy in detecting subclinical rejection with 92% sensitivity
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FIG. 41 shows assay performance for the subset of samples drawn at the time of a for-cause
biopsy and protocol biopsy; performance shown in protocol biopsies is expected to reflect
performance when the assay is used in routine surveillance, that is, when there are no signs of renal
injury. This cohort of 114 samples showed detection of AR with:

e 92.3% sensitivity (95% CI, 64.0%-99.8%)
® 75.2% specificity (95% CI, 65.7%-83.3%)
® (.89 area under the curve (AUC) (95% CI, 0.76-0.99)

Based on a 25% prevalence of rejection in an at-risk population, the following value
projcctions could be made:

e Positive predictive value (PPV) of 55.4% (95% C1, 46.2%-64.7%)
e Negative predictive value (NPV) of 96.7% (95% Cl, 90.6%-99.9%)

More reliable than SCr and eGFR for detection of AR

The data showed that Applicants assay distinguishes accurately between AR vs. non-AR
grafts, with the fraction of dd-cfDNA significantly higher in the circulating plasma of the AR
group (median=2.32%) than the non-rejection group (median=0.47%; P<0.0001) (FIG. 42). In
contrast to dd-cfDNA, eGFR scores did not have as much discriminatory ability for differentiating

AR and individual non-rejection groups.

Table 16. Summary Statistics for dd-cfDNA and eGFR Tests

Parameter Active Rejection Non-Rejection
dd-cfDNA

Number of samples 38 179 (82.5)

Mean (SD), % 4.64 (5.45) 0.92 (1.28)

Median, (Range), % 2.32(0.1-23.9) 0.47 (0.04-6.78)
eGFR

Number of samples 38 179 (82.5)

Mean (SD), score 49.0(22.3) 77.0 (8.45)

Median, (Range), score 45.67 (8.0-100.4) 76.06 (6.4-131.1)

*One sample had missing weight information needed to calculate eGFR.
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Test performance independent of rejection type, including ABMR and TCMR

FIG. 43 shows the relationship between dd-cfDNA level and type of rejection. Median dd-
cfDNA did not differ significantly between AMBR (2.2%), ABMR/TCMR (2.6%), or TCMR
(2.7%) groups (P=0.855). The study contained a range of pathologies, and the data indicate that
this assay is robust to all different types of active rejection.

These results are novel considering that a previously conducted study by Bloom, et al.,
2017, which used a different assay, demonstrated an inability to differentiate TCMR from STA.
That study found significantly lower dd-cfDNA levels for TCMR (<1.2%) than for ABMR (2.9%).
This is a clinically significant finding that diffcrentiatcs Applicant’s assay and supports cxpanded
clinical utility rclative to currently available tests on the market

Test performance independent of donor type, including living/deceased and
related/unrelated

Given the design of the assay used here, it is possible to quantify dd-cfDNA without prior
recipient or donor genotyping. There was no significant difference among the dd-cfDNA level
medians between any of the non-rejection donor groups; though the AR groups appeared similar
between the donor groups, there were not enough samples to make a statistical comparison (FIG.
44). Evaluation of dd-cfDNA levels by donor type revealed that regardless of donor type (living
related, living non-related, deceased non-related), dd-cfDNA levels were similar across all donor
types within in the AR and non-rejection calegories.

In conclusion, this rapid, accurate, and noninvasive technology allows for detection of
clinically impactful renal injury in patients better than the current standard of care, with the
potential for better patient management, more targeted biopsies, and improved renal allograft

function and survival.

Example 5. CLINICAL UTILITY
The clinical utility of early detection and treatment of active allograft rejection is well-
established. We have previously outlined the limitations of existing diagnostic tools for detecting
active rejection, and the need for a test that is both sensitive and non-invasive. Our dd-cfDNA
assay meets this need, with utility to be measured in terms of:
e Fewer unnecessary biopsies (where there is no AR diagnosis)

e More frequent detection of subclinical AR
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e More targeted and personalized use of immunosuppression therapy. This change will likely
take more time to observe than the change in biopsy use, since physicians may be slower
to adjust their immunosuppression treatment patterns than their biopsy decisions.

How the Test Will be Used in Practice

We recommend clinical use of the test by physicians whenever there is a suspicion of
rejection, to help rule-in and rule-out active rejection, to inform the need for a diagnostic biopsy,
and to inform treatment decisions when a biopsy is contraindicated. Incidence of AR is highest in
the first 12 months post-transplant, so we anticipate more frequent use in that period, and then less
frequent usc after 12 months post-transplant.

Turnaround time of tcst results will be as fast as 3 calendar days from specimen receipt in
the laboratory. We are highly confident in our laboratory’s ability to process these specimens with
speed and quality, as we already process > 1000 cfDNA tests on a daily basis for OBGYN
physicians to support care for their pregnant patients.

Test results will include the observed dd-cfDNA level (ak.a. “Donor fraction”), a clear
communication of whether this falls above or below the predetermined cutoff of 1%, a summary
statement indicating high or low risk of rejection, and the post-test risk of rejection estimated using
a background AR prevalence of 25%.

How the Test Will Change Physician Decision-making

There are many cases when physicians suspect aclive rejection but are uncertain, leading
to missed diagnoses as well as unnecessary biopsies.

e In cases of stable SCr and donor fraction > 1%, we believe physicians will switch their
decision from observation to biopsy, to catch subclinical rejection and begin treatment.

e In cases of moderately elevated SCr and donor fraction << 1%, we believe physicians will
often switch their decision from biopsy to observation, and will seek other explanations for
decreased kidney function besides active rejection. It is well-established that SCr will often
return to normal levels without any additional treatment.

® In cases of severely elevated SCr (such as SCr > 2.5), we believe physicians will pursue
diagnostic biopsy without waiting for the dd-cfDNA result.

In the Sigdel et al. 2017 study, 76% of clinically indicated biopsies (for-cause) and 89% of
surveillance/protocol biopsies did not result in a diagnosis of active rejection, implying that the

biopsies were unnecessary. With overall test specificity of 73%, if physicians made clinical
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decisions based solely on the dd-cfDNA test result, then 73% of the unnecessary biopsies could
have been avoided. However, we anticipate that physicians will incorporate dd-cfDNA result as
one among several factors in the biopsy decision, not the sole factor. Therefore, we hypothesize
that a significant portion of these unnecessary biopsies will be avoided, perhaps 40-50%. This
hypothesis will be evaluated in prospective outcomes studies, as described below.

Renal transplant recipients are fundamentally a high-risk population with ESRD, the unmet
need is high, and the test performance is strong. The outcomes study is designed to answer the
question of how much clinical practice will change, not whether it will change.

Clinical Advantage: Identifying Active Rejection and Subclinical Rejection

The immunological processcs that Icad to rcnal allograft rcjection arc heterogencous,
caused by humoral and cellular immune responses. In addition to ABMR and TCMR, which are
the leading cause of allograft failure, subclinical rejection is also associated with chronic allograft
nephropathy. Subclinical rejection, defined as histologically-proven acute rejection is considered
the most common cause of late renal allograft failure, occurring in 20-25% of patients in the first
12-24 months. The likelihood of subclinical rejection depends on the time after transplantation,
prior acute rejection, HLA mismatch and immunosuppression. A study showed patients with
subclinical rejection had lower graft survival rates than patients with normal or borderline changes
at 1, 5, and 10 years.

Timely treatment of subclinical rejection has potential to change the long-term therapeutic
outcome of renal transplant health as evidenced by a study that showed treatment of subclinical
rejection led to reduction in early (months 2 and 3) and late (>6 months) clinical rejections, a lower
chronic tubulointerstitial score at 6 months, and better graft function at 2 yr. The major limitation
with the treatment of subclinical rejection is that the high proportion of the cases remain
unrecognized due to limited sensitivity of current standard-of-care, which in turn require
surveillance biopsy for a definite diagnosis. Thus, early detection techniques, such as dd-cfDNA
testing has potential to non-invasively detect the possibility of subclinical rejection, thereby
facilitating better treatment outcomes and increase graft survival rates.

Patient Risk Stratification and utility of dd-cfDNA

Recipients of kidney transplant represent a heterogeneous population with varying risk of
rejection and infection based on patient subgroups. Below are some of the factors that collectively

influence a clinician’s classification of patient risk for rejection
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® De novo donor-specific antibody (dnDSA) formation
e Interstitial fibrosis and tubular atrophy (IF/TA)
e Delayed allograft function
e Panel reactive antibody (PRA) >30%
® Inadequate immunosuppressive therapy
e Calcineurin inhibitor nephrotoxicity
e Underlying disease
® Deceased donor
® Younger rccipicnt age
e Oldcr donor age
e African American ethnicity
e (old ischemia time > 24 hours
e HLA mismatch
e ABO incompatibility
The treatment regimen for each patient is highly variable and depends on the risk-category.
At present no clear guidelines exist that can stratify patients into different risk-groups. In general,
patients with a higher risk for rejection are monitored more closely and their management is
handled solely at the physician’s discretion. This leads to high variability with non-optimal
outcomes in many situations. Applicant’s methods can be highly elfective at addressing this unmet
need, wherein dd-cfDNA can optimize and enable physicians to take a well-informed decision by
stratifying patients into risk groups, improve treatment variability, and avoid unnecessary biopsies.
In addition to increasing the likelihood of long-term graft survival, early detection of active
injury by dd-cfDNA has other potential benefits. An accurate dd-cfDNA assay can help physicians
manage renal allograft health by maintaining a minimally effective dose of immunosuppressives
to prevent rejection, while avoiding their associated complications, such as:
e BK viremia
e Increased susceptibility to other infections
e Calcineurin inhibitor nephrotoxicity
® Increased incidence of cancer
Studies examining morbidity and mortality in long-term allograft recipients demonstrate

that cardiovascular disease and cancer are the two most common causes of death. Risk
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stratification models have been proposed to implement individual risk profiles to tailor

immunosuppressive and antibacterial treatments. We believe that the test will support accelerated

tapering of immunosuppression, for patients who have dd-cfDNA levels consistently < 1%.

Supporting studies currently underway

In order to provide additional evidence of the clinical utility of Applicant’s dd-cfDNA test,

two studies are currently in progress, the results of which will be submitted for peer-reviewed

publication.

1. dd-cfDNA clinical utility randomized controlled trial

a.

b.

Timeline: Prcliminary rcsults cxpected carly 2019
Design: Prc-post. two round controlled trial of carc practiccs in a nationally
representative sample of practicing nephrologists. Nephrologists manage virtual
patient cases before and after receiving education about dd-cfDNA assay and test
results.
Objective(s):
i.  Determine current management protocols and variations in post-transplant
management among practicing nephrologists
ii.  Assess impact of novel dd-cfDNA biomarker in patient management
Expected outcome(s):
i.  Nephrologists are highly variable in their ability and approach (o assess
kidney health and transplant rejection status
ii.  Applicant’s transplant rejection test will improve patient management in
key use cases, enabling nephrologists to better monitor post-kidney
transplant patients’ health, and optimize biopsy use and immunosuppressant

regimens.

2. dd-cfDNA registry study

Timeline: Five years to study read completion, with annual read out.

Design: 1,500 patients tested at 1, 2, 3, 4, 6, 9 and 12 months post-transplant, and
quarterly thereafter. Blood also drawn at the time of and one month after for-cause
biopsies. Patients followed for three years.

Objective: to show change in clinical practice and improved outcomes

Primary study endpoints:
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i.  Precision biopsy usage (% of biopsies resulting in active rejection
diagnosis)
ii.  Physician decision-making (with and without cfDNA result)
Summary
The limitations of current standard-of-care for monitoring active/early injury in patients
post-kidney transplant impacts long-term graft survival outcome. Medical advances that have
improved short-term kidney graft survival rate have not impacted long-term graft survival rates.
Furthermore, current literature supports the evidence that subclinical rejection is an underlying
causc for adversc clinical outcomes Icading to long-tcrm graft rcjection.
dd-cfDNA is an idcal biomarker to add to post-transplant managcment of active rcjection
as it can non-invasively detect early active rejection and subclinical rejection with superior
sensitivity and specificity compared to serum creatinine and eGFR. This allows for timely tailoring
of immunosuppressive regimen based on the inflammatory status of the graft, providing a more
personalized approach to minimizing the incidence of rejection, and the unwanted side effects.
Frequent analysis, combined with early detection can improve long-term allograft function and

decrease the number of unnecessary biopsies in stable patients.

Example 6. KidneyScan® Donor-Derived Cell-Free DNA Test

Summary of Evidence

In 2016, over 20,000 kidney transplants were performed in the United States. In addition,
over 80,000 surgical candidates were on dialysis while they waited for an available kidney. After
transplantation, patients are put on immunosuppressant drug therapy and routinely monitored to
prolong the survival of the donor kidney. Despite established protocols, allograft survival rates ten
years post-transplant are estimated to be as low as 48% for deceased donors and 65% for living
donors.

Advances in kidney transplantation and post-transplantation care have continued to
improve organ functioning and survival rates over time. While this has been most evident in the
successful treatment of acute kidney rejection in the first year post-transplant, success after this
time period has remained relatively unchanged for decades (failure rates of 3-5% per year for
deceased donor and 2-3% per year for living donor kidneys). Kidney injury, leading to irreversible

damage and eventual graft loss, 1s often asymptomatic for weeks or months, and can be challenging
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to detect given current standard of care of measuring levels of serum creatinine (SCr) or its
algorithmic derivative, estimated glomerular filtration rate (¢GFR). Both have significant
limitations for early injury detection.

The KidneyScan test detects donor-derived cell-free DNA (dd-cfDNA) in a recipient’s
blood, which is elevated during active rejection due to increased cell death in the organ.
KidneyScan is an effective, non-invasive method of assessing kidney allograft status with better
performance than the current standard of care.

KidneyScan Donor-derived Cell-free DNA Test Description and Performance

The KidneyScan assay is a cell-frec DNA-bascd, ncxt-gencration sequencing assay that
analyzcs over 13,000 singlc-nuclcotide polymorphisms (SNPs) to accuratcly quantify the fraction
of dd-cfDNA in the transplant recipient’s blood, even in related recipient/donor pairs, without
separate genotyping of either donor or recipient. The dd-cfDNA fraction in cfDNA can be
measured with a turnaround time of 5 days or less; this turnaround time is necessary for the
appropriate management of transplant recipients.

The clinical performance of KidneyScan was evaluated in a retrospective analysis of 217
samples from 178 unique transplant recipients whose kidney transplant was performed at the
University of California at San Francisco (UCSF) Medical Center. The data showed that the dd-
cfDNA levels in patients with active rejection (AR) was significantly higher than patients with
stable allogralt (STA), borderline (BL), or other injury (OI). Importantly, the trend was clear
regardless of the type of rejection - antibody mediated rejection (ABMR) or T-cell mediated
rejection (TCMR). We believe the elevated dd-cfDNA levels are indicative of ongoing injury to
the transplanted organ. We therefore analyzed the ability of the assay to detect AR versus non-
rejection, where non-rejection is defined as all specimens that were classified as STA, BL, or OL

The amount of dd-cfDNA was significantly higher in the circulating plasma of the AR
group (median=2.32%) compared with the non-rejection group (median=0.47%; P<0.0001).

Using a predetermined dd-cfDNA cutoff of 1%, the data showed the KidneyScan assay to
have an 88.7% sensitivity (95% confidence interval [CI], 77.7%-99.8%) and 72.6% specificity
(95% C1, 65.4%-79.8%) for detection of AR. The area under the curve (AUC) was 0.87 (95% (I,
0.80-0.95). Based on a 25% prevalence of rejection in an at-risk population, the positive predictive
value (PPV) was projected to be 52.0% (95% CI, 44.7%-59.2%) and the negative predictive value
(NPV) was projected to be 95.1% (95% CI, 90.5%-99.7%).
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Furthermore, the KidneyScan assay performance for the subset of 114 samples drawn at
the time of a protocol biopsy, which is expected to reflect performance when the assay is used in
routine surveillance showed detection of AR with 92.3% sensitivity (95% CI, 64.0%-99.8%),
75.2% specificity (95% CI, 65.7%-83.3%), and a .89 area under the curve (AUC) (95% C1, 0.76-
0.99). Based on a 25% prevalence of rejection in an at-risk population, the PPV was projected to
be 55.4% (95% CI, 46.2%-64.7%) and the NPV was projected to be 96.7% (95% CI, 90.6%-
99.9%). These data suggest that application of the KidneyScan assay in a clinical setting could
potentially reduce the need for protocol biopsies. It also may be appropriate for use post-rejection
to dctermine whether immunosuppressant dosing has led to clcarance of the rejection episode, in
placc of biopsy.

Median dd-cfDNA did not differ significantly between different types of rejection: AMBR
(2.2%), ABMR/TCMR (2.6%), or TCMR (2.7%) groups (P=0.855). These results are novel
considering that a previously study, using a different assay, found significantly higher dd-cfDNA
levels for ABMR (2.9%) than for TCMR (<1.2%), indicating an inability to detect T-cell mediated
rejections. Though the assay used in that study also measured dd-cfDNA, the methods used by the
two assays differ significantly. It is unclear whether that test could not differentiate AR from non-
rejection in cases of TCMR or if the result was due to the smaller sample size of that group in that
study (n=11). Regardless, the KidneyScan assay can accurately discriminate AR from non-
rejection across a range ol pathologies, including both acute and chronic (indings, in both the
ABMR and TCMR groups.

The analytical and clinical performance of the KidneyScan assay is summarized below.

General

Intended Use. The KidneyScan test is intended to supplement the evaluation and
management of kidney injury and active rejection in patients who have undergone renal
transplantation. It can inform decision making along with standard clinical assessments

Specimen Type. Plasma collected in Streck Cell-Free DNA BCT® tubes

Description Results

Accuracy.

Unrelated donor:

Slope = 1.0664 (95% C10.9416, 1.1912)

Intercept = 0.0008 (95% CI -0.0076, 0.0092)
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R-squared = 0.9997 (95% CI1 0.9997, 0.9998)

Related donor:

Slope = 1.0333 (95% C1 0.9241, 1.1425)

Intercept = -0.0001 (95% CI -0.0047, 0.0046)

R-squared = 0.9989 (95% CI 0.9986, 0.9990)

Accuracy was assessed using linear regression with respect to digital droplet PCR (ddPCR)
(for CNV2 using probes specific for chromosome 1 as reference and chromosome Y as unknown)
as a reference method. Three cell-line reference mixtures (1 related donor, 2 unrelated donors) at
mixture fractions from 0.1% to 15% wecre run in minimum triplicatcs at 15, 30, 45 ng input DNA
mass. The total number of measurcments were 285 unrclated and 349 rclated.

Intermediate precision (inter-assay total variability)

Quantitative:

Mean CV with 15ng input = 3.10% (95% CI 1.58%, 4.37%)

Mean CV with 30ng input = 3.07% (95% CI1 1.42%, 4.50%)

Mean CV with 45ng input = 1.99% (95% C1 1.10%, 2.75%)

Qualitative: 100% concordance (95% C154.07%, 100%) between replicates of 6 transplant
patient samples.

To quantitatively assess inter-run precision, 3 reference panels (2 unrelated, 1 related) with
15, 30, 45 ng input DNA mass at 0.1, 0.3, 0.6, 1.2, 2.4, 5, 10% donor [ractions were used. A total
of 24 runs (across 23 days) on 17 instruments by different operators using different reagent lots
were performed. 15 ng input samples were run with 12 replicates, whereas 30 and 45 ng input
samples were run with 6 replicates, resulting in 248, 124, 126 measurements for 15 ng, 30 ng, 45
ng input DNA mass, respectively. To qualitatively assess inter-run precision, 6 transplant patient
samples were assayed at variable input (20mL blood each) in duplicates, resulting in 12
measurements.

Sensitivity-minimum input

15 ng minimum input tested in samples where input cfDNA concentration was measured.

Limit of Detection

0.15% unrelated donor

0.29% related donor
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Limit of Detection was assessed from 3 cell-line (2 unrelated, 1 related) reference panels
at 15, 30, 45 ng input DNA mass, and 16 plasma-derived cfDNA mixtures at variable input mass,
at mixture fractions 0.1, 0.3, 0.6 %. Samples were run in minimum triplicates by two operators
using two reagent lots, for a total of 168 (94 from Lot 1, 74 from Lot2) and 220 (115 from Lot 1,
105 from Lot 2) measurements for unrelated and related donors, respectively. Samples from each
reagent lot were evaluated using each of the two dfe methods, unrelated and related donor. LoD
values for each lot and each dfe method are calculated by using the LoB values of the
corresponding method. For each method, the final LoD is the maximum of lot 1 and lot 2 LoD
valucs calculated with the corresponding mecthod. Calculations followed the parametric method
described in EP17A2.

Lower Limit of Quantitation

Lower limits:

0.15% unrelated donor

(.29% related donor

Lower limit is assessed on the same sample set used for LoD, with a broader range of
mixture fractions. Specifically, reference samples were tested at mixture fractions 0.1, 0.3, 0.6,
1.2,2.4,5, 10, 15 %, and plasma-derived cfDNA mixtures were tested at mixture fractions 0.1,
0.3,0.6,1.2,2.4,5, 10 %. Samples were run in minimum triplicates by two operators using two
reagent lots, for a total of 381 (207 (rom Lot 1, 174 {rom Lot 2) and 412 (239 (rom Lot 1, 173 [rom
Lot 2) measurements for unrelated and related donors, respectively. Lower limit is defined as the
lowest value of donor fraction at which measurement CV (defined as the measurement standard
deviation divided by the mean) is less than 20%. The requirement is satisfied over the entire tested
range, for each reagent lot and dfe method, so the lower LoQ is equal to the LoD by constraint that
it cannot be less.

Upper Limit of Quantitation

Upper limit of quantitation = 15% for unrelated and related donors based on highest value
tested.

Reference Range

Reference range defined as O to 1% based on previously published and approved
technology using same analyte with corresponding patient population [Bromberg et al, 2017].

Interfering substances
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Interference of excess ethanol carry-over and excess EDTA on the multiplex PCR reaction
was evaluated using Applicant’s ¢fDNA protocol. Inhibitory effect on mmPCR reaction was
observed at ethanol concentration of 5% and higher and EDTA concentration of 10 mM and higher.
Visually hemolyzed samples are excluded from processing.

Critical reagent shelf-life and (as applicable) open stability

Real time stability studies were used to establish shelf life of mmPCR primer pool.
Manufacturer recommended shelf life is used for reagents acquired from third party vendor (PCR
mastermix, library preparation enzymes and buffers, standard primers and NGS reagents for
scquencing). Recagent stability is additionally monitorcd by in-linc quality control metrics in every
run. Incoming reagent qualification proccdures were cstablished for all critical recagents (primer
pool, PCR enzymes, library preparation enzymes, standard primers and NGS reagents for
sequencing) in the workflow and only pre-qualified reagents, within established expiration dates
are used in sample processing.

Specimen stability: Primary sample

Primary sample stability was established using retrospective analysis of data derived from
Applicant’s cfDNA protocol using 227450 samples processed between 1 and 8 days after
collection. Data was categorized based on age after sample collection and performance was
compared across different time points after collection. The maximum acceptable sample age for
blood collected using Streck BCT tubes was established (o be 8 days based on the above analysis.

Specimen stability: Intermediate

Intermediate sample stability for plasma stored at -800C and cfDNA libraries stored at -
200C were established using retrospective data analysis and concordant results of Applicant’s
cfDNA protocol with original time point. Stability of plasma at -800C is 25-27 months; stability
of cfDNA library at -200C is 26-30 months

Clinical Performance: Validity

Description Results (with 95% Confidence Intervals if applicable)*
Active vs No Rejection In Protocol Biopsy Cohort

Sensitivity 88.7% (77.7%-99.8%) 92.3% (64.0%-99.8%)
Specificity 72.6% (65.4%-79.8%) 75.2% (65.7%-83.3%)
NPV 95.1% (90.5%-99.7%) 96.7% (90.6%-99.9%)

PPV 52.0% (44.7%-59.2%) 55.4% (46.2%-64.7%)
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The amount of dd-cfDNA was significantly higher in the circulating plasma of the AR
group (median=2.32%) compared with the non-rejection group (median=0.47%; P<0.0001).
Median dd-cfDNA did not differ significantly between different types of rejection: AMBR (2.2%),
ABMR/TCMR (2.6%), or TCMR (2.7%) groups (P=0.855). The data demonstrate that the
KidneyScan assay can accurately discriminate AR from non-rejection across a range of
pathologies, including both acute and chronic findings, in both the ABMR and TCMR groups.

At least 2 weeks post-transplant to allow any renal injury occurring immediately at surgery
or as a result of cadaveric origin to resolve itsclf prior to testing. KidnecyScan data is currcntly
cquivocal in this timcframe. For this rcason, and to bc consistent with other commercially-
available dd-cfDNA tests, we have adopted this criterion for patient safety and data integrity

purposes.

Example 7. Further Technology Description

Sample Processing and Sequencing

Whole blood is collected in Streck Cell-Free DNA BCT (blood collection tubes) and
shipped to Applicant’s CAP/CLIA laboratory, where they are processed using the following steps.

e Patient blood samples are centrifuged to separate plasma from blood cells

e Applicant’s in-house proprietary extraction chemistry is used for c[DNA extraction from
plasma

e Extracted cfDNA is subsequently made into a library by ligation of adapters followed by
PCR amplification to increase the total available cfDNA

e The selected set of thousands of SNP loci are amplified by targeted massively multiplex

PCR (mmPCR)

e Amplified samples are barcoded, multiplexed and sequenced using NGS technology

(Illumina NextSeq, 50 cycle SE reads)

The mmPCR protocol uses Applicant’s proprietary chemistry and amplification conditions
to achieve uniform amplification across the target set and at the same time maintaining an
extremely low PCR introduced error rate. The application of a similar mmPCR approach to non-
invasive prenatal testing has been published in multiple studies and resulted in over one million

patient test results. The SNPs were selected for high variant allele frequency across different
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ethnicities (FIG. 45). The PCR amplicons are barcoded to enable sample level multiplexing and
barcoded samples are pooled and then sequenced using Illumina NextSeq instrument, 50 cycles,
single end reads. FIG. 45 shows cumulative distributions of SNP minor allele frequency according
to ethnicity

Sequencing Analysis

Sequenced reads are demultiplexed and mapped to the standardized human reference
genome (hg19) using Novoalign version 2.3.4. Bases are filtered based on Phred quality score and
reads are filtered based on mapping quality score. Multiple quality checks on metrics such as
cluster density and mapping rate arc applicd to the scquencing run and cach sample is confirmed
to have obtaincd the minimum rcequircd number of reads after filtering.

From each sequence read we extract only the allele observed at the targeted SNP position.
The allele is labeled as reference or mutant following the definitions in the hg19 reference genome
and all following calculations are based on the set of reference and mutant allele counts. At each
SNP, the fraction of reference counts compared to the total is defined as the SNP’s allele ratio.

Donor Fraction Calculation

The donor fraction calculation begins by estimating recipient genotypes and eliminating
SNPs where the recipient is heterozygous (allele ratio between 30% and 70% (FIG. 46)). We define
the homozygous reference genotype as RR, homozygous mutant genotype as MM, and
helerozygous genolype as RM. The donor [raction is calculated [from the set of SNPs where the
recipient is homozygous, by a method based on considering all of the possible donor genotypes.

When the donor fraction is approximately zero, the observed allele ratios simply reflect the
recipient genotypes and so all SNPs where the recipient is homozygous have allele ratio
approximately zero or 1 (FIG. 47).

The likelihood of a candidate donor fraction is defined as the probability of producing the
observed sequencing data according to a mathematical model for how the data depends on the
donor fraction. We assume that the data at each SNP is independent conditioned on the donor
fraction, which implies that the combined likelihood is the product of the likelihoods calculated at
each SNP.

The likelihood calculation at a single SNP incorporates two sources of uncertainty: the
donor genotypes and the sequencing data. The donor genotypes are modeled probabilistically by

summing over the set of possible genotypes and weighting them according to the prior probability,
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defined by the population minor allele frequencies. The sequencing data is modeled using a

binomial distribution as a function of the expected allele ratio and measured number of reads,

given an assumed donor genotype and estimated error rates due to sequencing plus PCR.
Materials and Equipment

Major equipment and reagents used in the execution of this assay are detailed in Table 17.

Table 17: Critical Equipment and Reagents

Item Manufacturer Use

NexiSeq Instrument lllumina Next Generation Sequencing

GenelAmp FCR System 8700 Thermo Fisher Library preparation and PCR Amplification
Thermooycler

NextSeg High Cutput lllumina Next Generation Sequencing
Reagent Cartridge v2, 75

cycles

NexiSeg 300/550 Buffer lllumina Next Generation Sequencing
Cartridge v2

NextSeqg Flow Cell v2 lllumina Next Generation Sequencing
Natera library prep kit Natera Preparation of library from cfDNA
Natera cfDNA exiraction kit Natera cfDNA extraction from plasma
mmPCR primer pool Natera Targeted amplification of SNP loci

Example 8. Improved determination of transplant rejection by using a threshold metric
that takes into account the body mass of the patient.

The data acquired in Example 6 was evaluated by using a threshold based on donor
copies/ml and a further threshold that additionally takes into account the body mass of the patient.
The data from Example 6 was derived from 217 biopsy matched samples (193 patients), out of
which 38 samples showed active or acute rejection (AR) and 179 showed non rejection (NON-
AR). The cfDNA was quantified for 215 of the samples and patient mass was measured for 123
of the samples (excluding pediatric). The data [rom these 123 samples are shown in Table 18

below.

Table 18. Re-analysis of data from 123 patient from which body mass was measured.
Original Set New Set
Samples | % of Set Samples | % of Set
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AR 38 18% 31 25%
NON-AR 179 82% 92 75%
BL 72 33% 64 52%
Ol 25 12% 18 15%
STA 32 38% 10 8%
Total 217 123

Sensitivity 86.8%* 83.9%

Specificity 70.9%* 75.0%

Protocol AR 12 of 13 9 of 10

*Recalculed from raw data without accounting for multiple samples from the same patient.

The data were [irst analyzed using donor-derived copies/mL, which was calculated as
[ollows: (ng c[DNA) / (3.3 pg/haploid genome) * (dd-c[DNA %) / (mL plasma).

To take into account the body mass of the patient, the data were analyzed using donor-
derived copies/mL * Patient Mass (abbreviated “donor copies/mL*kg’), which was calculated as
follows: (ng cfDNA) / (3.3 pg/haploid genome) * (dd-cfDNA %) / (mL plasma) * (patient kg).
This analysis accounts for host blood volume (approximated using patient mass) diluting a signal
from a fixed transplant mass.

As shown in Table 19 below, a threshold of 976 donor copies/mL*kg and a threshold of
13.4 donor copies/mL corresponds to a threshold of 1.00% dd-cfDNA.

Table 19 Median Min Max Threshold
ng cfDNA/mL 4.0 0.2 353 N/A
dd-cfDNA % 0.62% 0.02% 23.90% 1.00%
Donor

9.9 0.6 857 13.4
copies/mL
Donor

727 40 68,544 976
copies/mL*kg

Analyzing the data from Example 6 by using the donor copies/mL metric and the donor
copies/mL*kg metric as the fixed threshold instead of dd-cfDNA% resulted in the sensitivity and
specificity as shown in FIG. 48. Using dd-cfDNA% as the threshold metric resulted in a
sensitivity of 83.9% and a specificity of 75.0%, and protocol active rcjections were corrcctly
called 9 of 10. Using donor copics/mL as the threshold metric resulted in a scensitivity of 83.9%
and a specificity of 75.0%, and protocol active rejections were correctly called 9 of 10. Using

donor copies/mL*kg as the threshold metric resulted in a sensitivity of 77.4% and a specificity of
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72.8%, and protocol active rejections were correctly called 9 of 10. Analyzing the data by using
donor copies/mL or donor copies/mL*kg as the threshold metric correctly called a protocol
active rejection and a T-cell mediated rejection missed by dd-cfDNA% (shown with black

arrows in FIG. 48).

Example 9. Developing a scaled threshold to improve performance in monitoring
transplant by quantifying donor derived cfDNA.

The purpose of this Example is to develop a scaled or dynamic threshold depending on
cfDNA ng/mL in the blood samplcs obtained from the patients. It was obscrved that low input
dd-cfDNA% influcnced the cstimated dd-cfDNA%. In particular, analyzing the rclationship
between estimated dd-cfDNA% and input dd-cfDNA% revealed that below 9 ng cfDNA input,
the pipeline estimated dd-cfDNA% increased.

Moreover, there appeared to be a linear relationship between the dd-cfDNA%, donor
copies/mL, or donor copies/mL*kg, and the amount of cfDNA (ng cfDNA/mL) in the blood
samples as shown in FIG. 49. To further test if the threshold value varies depending on ng
cfDNA/mL plasma, the sample data was stratified according to quartiles of ng cfDNA/mL
plasma as shown in FIG. 50. Stratification of the data based on ng cfDNA/mL plasma clearly
showed that performance could be improved by scaling the threshold value for the different
quartiles of c[DNA amount. FIG. 52, showed that the ellect of stratification of the data is similar
for both antibody mediated rejection (ABMR) and T-cell mediated rejection (TCMR). As shown
in FIG. 51, both active or acute rejection (AR) and non-rejection (NON-AR) samples were
distributed across the quartiles or octiles of cfDNA amount.

When the dd-cfDN A% threshold metric is used, the results presented in FIG. 50 showed
that as cfDNA ng/mL increased, the specificity increased and the sensitivity decreased. The
analysis using dd-cfDNA% threshold metric missed a protocol active rejection in Q4. Table 20
below shows more detailed results from the comparison of using fixed versus dynamic threshold

for the dd-cfDNA% threshold.

Table 20: Comparison of fixed threshold and scaled threshold for the dd-¢cfDNA %
threshold metric.
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Fixed Threshold Scaled Threshold
Qi Qz Q3 Q4 Overall
Fixed {Scaled

Threshold

Sensitivity

Specificity Specificity

Protocol ARs| 8710 § 9/10

For the donor copies/mL threshold metric, the analysis presented in FIG. 50 showed that
both sensitivity and specificity increased with increasing cfDNA ng/mL plasma. The analysis
using donor copies/mL threshold metric missed a protocol active rejection in Q1. Table 21
below, shows more detailed results from the comparison of using fixed versus dynamic threshold

for the donor copics/mL threshold metric.

Table 21: Comparison of fixed threshold and scaled threshold for the donor copies/mL
threshold metric.

Fixed Threshold Scaled Threshoid

Overall

| Threshoid A 13. Fixed |Scaled
SR R REs 3 i R Sensitivity

Specificity

Protocol ARs| 8/10 | 15/10

For the donor copies/mL*kg threshold metric, the analysis presented in FIG. 50 showed
that both sensitivity and specificity increased with increasing cfDNA ng/mL plasma. The
analysis using donor copics/mL*kg threshold metric misscd a protocol active rejection in Q1.
Table 22 below, shows more detailed results from the comparison of using fixed versus dynamic

threshold for the donor copies/mL*kg threshold metric.

Table 22: Comparison of fixed threshold and scaled threshold for the donor copies/mL*kg
threshold metric.

Fixed Threshold Scaled Threshold
Qi Q2 Q3 Q4 a1 Q2 Q3 Q4 Qverall

Threshold 976

324 | &76 | 1952 Fixed {Scaled

L aaaaaaaaaaaaaEs= ataOEOESS o
Sensitivity %%3\\\\\\\:%\\\\\:%\\\ \%}?}\\%}\\ Sensitivity
Specificity Specificity

Protocol ARs| 9710 |10/10
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It was also found that the performance of the analysis can be further improved by

splitting the data into smaller ng/mL grouping as shown in Table 23 below.

Table 23: Comparison of fixed threshold and scaled threshold for the donor copies/mL*kg

threshold metric when the data is stratified into octiles based on ng ¢fDNA/mL plasma.
Fixed

initial performance at 1% fixed: —
Sensitivity

Specificity

Octile 1 Octile 2 Octile 3 Octile 4 Octile 5 Octile 6 Octile 7 Octile 8 Cverall

Threshoid 5.0 8.0 13. Scaled
Bonor Sensitivity &\‘\\\\\\ N@ Q@Q\\V‘\ Sensitivity
copies/mL | specificity | Specificity

Threshold Scaled
Sensitivity

Specificity

Bonor
copies/mbL*kg

Sensitivity
Specificity

Threshoid
Donor
Sensit ;wty

copies/mL*kg [ suecificity N

SpRS
;

Sensitivity %\‘““\
Specificity

In summary, this example showed that the performance of the transplantation monitoring
method disclosed herein may be improved by using a scaled or dynamic threshold metric that takes
into account the ng cfDNA/mL plasma obtained from the samples, including improved sensitivity
and specificity. 100% of protocol biopsy active rejection cases were called correctly when using

the scaled thresholds with the new metrics.

ADDITIONAL EMBODIMENTS

Embodiment 1. A method of quantifying the amount of donor-derived cell-free DNA (dd-
cfDNA) in a blood sample of a transplant recipient, comprising:

a) extracting DNA from the blood sample of the transplant recipient, wherein the DNA
comprises donor-derived cell-free DNA and recipient-derived cell-free DNA;

b) performing targeted amplification at 500-50,000 target loci in a single reaction volume
using 500-50,000 primer pairs, whercin the target loci comprise polymorphic loci and non-
polymorphic loci, and wherein cach primer pair is designed to amplify a target scquence of no
more than 100 bp; and

c) quantifying the amount of donor-derived cell-free DNA in the amplification products.

224



10

15

20

25

30

WO 2020/010255 PCT/US2019/040603

Embodiment 2. A method of quantifying the amount of donor-derived cell-free DNA (dd-
cfDNA) in a blood sample of a transplant recipient, comprising:

a) extracting DNA from the blood sample of the transplant recipient, wherein the DNA
comprises donor-derived cell-free DNA and recipient-derived cell-free DNA, and wherein the
extracting step comprises size selection to enrich for donor-derived cell-free DNA and reduce the
amount of recipient-derived cell-free DNA disposed from bursting white-blood cells;

b) performing targeted amplification at 500-50,000 target loci in a single reaction volume
using 500-50,000 primer pairs, wherein the target loci comprise polymorphic loci and non-
polymorphic loci; and

c) quantifying thc amount of donor-derived cell-frec DNA in the amplification products.
Embodiment 3. A method of detecting donor-derived cell-free DNA (dd-cfDNA) in a blood
sample of a transplant recipient, comprising:

a) extracting DNA from the blood sample of the transplant recipient, wherein the DNA
comprises donor-derived cell-free DNA and recipient-derived cell-free DNA;

b) performing targeted amplification at 500-50,000 target loci in a single reaction volume
using 500-50,000 primer pairs, wherein the target loci comprise polymorphic loci and non-

polymorphic loci;

c) sequencing the amplification products by high-throughput sequencing; and
d) quantifying the amount of donor-derived cell-free DNA.
Embodiment 4. The method of any of the preceding Embodiments, further comprising

performing universal amplification of the extracted DNA.

Embodiment 5. The method of any of the preceding Embodiments, wherein the transplant
recipient is a mammal.

Embodiment 6. The method of any of the preceding Embodiments, wherein the transplant
recipient is a human.

Embodiment 7. The method of any of the preceding Embodiments, wherein the transplant
recipient has received a transplant selected from organ transplant, tissue transplant, cell transplant,
and fluid transplant.

Embodiment 8. The method of any of the preceding Embodiments, wherein the transplant
recipient has received a transplant selected from kidney transplant, liver transplant, pancreas

transplant, intestinal transplant, heart transplant, lung transplant, heart/lung transplant, stomach
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transplant, testis transplant, penis transplant, ovary transplant, uterus transplant, thymus transplant,
face transplant, hand transplant, leg transplant, bone transplant, bone marrow transplant, cornea
transplant, skin transplant, pancreas islet cell transplant, heart valve transplant, blood vessel
transplant, and blood transfusion.

Embodiment 9. The method of any of the preceding Embodiments, wherein the transplant
recipient has received a kidney transplant.

Embodiment 10. The method of any of the preceding Embodiments, wherein the quantifying
step comprises determining the percentage of donor-derived cell-free DNA out of the total of
donor-derived ccll-free DNA and recipient-derived cell-free DNA in the blood samplc.
Embodiment 11. The mcthod of any of the preceding Embodiments, wherein the quantifying
step comprises determining the number of copies of donor-derived cell-free DNA per volume unit
of the blood sample.

Embodiment 12. The method of any of the preceding Embodiments, wherein the method
further comprises detecting the occurrence or likely occurrence of active rejection of
transplantation using the quantified amount of donor-derived cell-free DNA.

Embodiment 13. The method of any of the preceding Embodiments, wherein the method is
performed without prior knowledge of donor genotypes.

Embodiment 14. The method of any of the preceding Embodiments, wherein each primer
pair is designed to amplily a target sequence of about 50-100 bp.

Embodiment 15. The method of any of the preceding Embodiments, wherein each primer
pair is designed to amplify a target sequence of about 60-75 bp.

Embodiment 16. The method of any of the preceding Embodiments, wherein each primer
pair is designed to amplify a target sequence of about 65 bp.

Embodiment 17. The method of any of the preceding Embodiments, wherein the targeted
amplification comprises amplifying at least 1,000 polymorphic loci in a single reaction volume.
Embodiment 18. The method of any of the preceding Embodiments, wherein the targeted
amplification comprises amplifying at least 2,000 polymorphic loci in a single reaction volume.
Embodiment 19. The method of any of the preceding Embodiments, wherein the targeted

amplification comprises amplifying at least 5,000 polymorphic loci in a single reaction volume.
p p pialying poly P g
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Embodiment 20. The method of any of the preceding Embodiments, wherein the method
further comprises measuring an amount of one or more alleles at the target loci that are
polymorphic loci.

Embodiment 21. The method of any of the preceding Embodiments, wherein the quantifying
step comprises detecting the amplified target loci using a microarray.

Embodiment 22. The method of any of the preceding Embodiments, wherein the quantifying
step does not comprise using a microarray.

Embodiment 23. The method of any of the preceding Embodiments, wherein the
polymorphic loci and the non-polymorphic loci arc amplificd in a singlc rcaction.

Embodiment 24. The mcthod of any of the preceding Embodiments, whercin the targeted
amplification comprises simultaneously amplifying 500-50,000 target loci in a single reaction
volume using (i) at least 500-50,000 different primer pairs, or (ii) at least 500-50,000 target-
specific primers and a universal or tag-specific primer 500-50,000 primer pairs.

Embodiment 25. A method of determining the likelihood of transplant rejection within a
transplant recipient, the method comprising:

a) extracting DNA from the blood sample of the transplant recipient, wherein the DNA
comprises donor-derived cell-free DNA and recipient-derived cell-free DNA;

b) performing universal amplification of the extracted DNA;

c) performing targeted amplification at 500-50,000 target loci in a single reaction volume
using 500-50,000 primer pairs, wherein the target loci comprise polymorphic loci and non-
polymorphic loci;

d) sequencing the amplification products by high-throughput sequencing; and

e) quantifying the amount of donor-derived cell-free DNA in the blood sample, wherein a
greater amount of dd-cfDNA indicates a greater likelihood of transplant rejection.

Embodiment 26. A method of diagnosing a transplant within a transplant recipient as
undergoing acute rejection, the method comprising:

a) extracting DNA from the blood sample of the transplant recipient, wherein the DNA
comprises donor-derived cell-free DNA and recipient-derived cell-free DNA;

b) performing universal amplification of the extracted DNA;
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c) performing targeted amplification at 500-50,000 target loci in a single reaction volume
using 500-50,000 primer pairs, wherein the target loci comprise polymorphic loci and non-
polymorphic loci;

d) sequencing the amplification products by high-throughput sequencing; and

e) quantifying the amount of donor-derived cell-free DNA in the blood sample, wherein an
amount of dd-cfDINA of greater than 1% indicates that the transplant is undergoing acute rejection.
Embodiment 27. The method of Embodiments 25 or 26, wherein the transplant rejection is
antibody mediated transplant rejection.

Embodiment 28. The mcthod of Embodiments 25 or 26, whercin the transplant rcjection is T
ccll mediated transplant rcjection.

Embodiment 29. The method of any of Embodiments 25-28, wherein an amount of dd-
cfDNA of less than 1% indicates that the transplant is either undergoing borderline rejection,
undergoing other injury, or stable.

Embodiment 30. A method of monitoring immunosuppressive therapy in a subject, the
method comprising

a) extracting DNA from the blood sample of the transplant recipient, wherein the DNA
comprises donor-derived cell-free DNA and recipient-derived cell-free DNA;

b) performing universal amplification of the extracted DNA;

c) performing targeted amplification at 500-50,000 target loci in a single reaction volume
using 500-50,000 primer pairs, wherein the target loci comprise polymorphic loci and non-
polymorphic loci;

d) sequencing the amplification products by high-throughput sequencing; and

e) quantifying the amount of donor-derived cell-free DNA in the blood sample, wherein a
change in levels of dd-cfDNA over a time interval is indicative of transplant status.

Embodiment 31. The method of Embodiment 30, further comprising adjusting
immunosuppressive therapy based on the levels of dd-cfDNA over the time interval.
Embodiment 32. The method of Embodiment 31, wherein an increase in the levels of dd-
cfDNA are indicative of transplant rejection and a need for adjusting immunosuppressive therapy
Embodiment 33. The method of Embodiment 31, wherein no change or a decrease in the
levels of dd-cfDNA indicates transplant tolerance or stability, and a need for adjusting

immunosuppressive therapy.
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Embodiment 34. The method of any of Embodiments 30-33, wherein an amount of dd-
cfDNA of greater than 1% indicates that the transplant is undergoing acute rejection.
Embodiment 35. The method of Embodiment 34, wherein the transplant rejection is antibody
mediated transplant rejection.

Embodiment 36. The method of Embodiment 34, wherein the transplant rejection is T cell
mediated transplant rejection.

Embodiment 37. The method of any of Embodiments 30-33, wherein an amount of dd-
cfDNA of less than 1% indicates that the transplant is either undergoing borderline rejection,
undergoing other injury, or stablc.

Embodiment 38. The method of any of Embodiments 25-37, whercin the mcthod docs not
comprise genotyping the transplant donor and/or the transplant recipient.

Embodiment 39. The method of any of Embodiments 25-38, wherein the method further
comprises measuring an amount of one or more alleles at the target loci that are polymorphic loci.
Embodiment 40. The method of any of Embodiments 25-39, wherein the target loci comprise
at least 1,000 polymorphic loci, or at least 2,000 polymorphic loci, or at least 5,000 polymorphic
loci, or at least 10,000 polymorphic loci.

Embodiment 41. The method of any of Embodiments 25-40, wherein the target loci that are
amplified in amplicons of about 50-100 bp in length, or about 50-90 bp in length, or about 60-80
bp in length, or about 60-75 bp in length.

Embodiment 42. The method of Embodiment 41, wherein the amplicons are about 65 bp in
length.

Embodiment 43. The method of any of Embodiments 25-42, wherein the transplant recipient
is a human.

Embodiment 44. The method of any of Embodiments 25-43, wherein the transplant recipient

has received a transplant selected from kidney transplant, liver transplant, pancreas transplant,
intestinal transplant, heart transplant, lung transplant, heart/lung transplant, stomach transplant,
testis transplant, penis transplant, ovary transplant, uterus transplant, thymus transplant, face
transplant, hand transplant, leg transplant, bone transplant, bone marrow transplant, cornea
transplant, skin transplant, pancreas islet cell transplant, heart valve transplant, blood vessel

transplant, and blood transfusion.
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Embodiment 45. The method of Embodiment 44, wherein the transplant recipient has
received a kidney transplant.

Embodiment 46. The method of any of Embodiments 25-45, wherein the extracting step
comprises size selection to enrich for donor-derived cell-free DNA and reduce the amount of
recipient-derived cell-free DNA disposed from bursting white-blood cells.

Embodiment 47. The method of any of Embodiments 25-45, wherein the universal
amplification step preferentially amplifies donor-derived cell-free DNA over recipient-derived
cell-free DNA that are disposed from bursting white-blood cells.

Embodiment 48. The mcthod of any onc of Embodiments 25-47, further comprising
longitudinally collecting a plurality of blood samplcs from the transplant rccipicnt after
transplantation, and repeating steps (a) to (e) for each blood sample collected.

Embodiment 49. The method of any one of Embodiments 1-48, wherein the method has a
sensitivity of at least 80% in identifying acute rejection (AR) over non-AR with a cutoff threshold
of 1% dd-cfDNA and a confidence interval of 95%.

Embodiment 50. The method of any one of Embodiments 1-48, wherein the method has a
specificity of at least 70% in identifying AR over non-AR with a cutoff threshold of 1% dd-cfDNA
and a confidence interval of 95%.

Embodiment 51. The method of any one of Embodiments 1-48, wherein the method has an
area under the curve (AUC) of at least 0.85 in identifying AR over non-AR with a cuto([ threshold
of 1% dd-cfDNA and a confidence interval of 95%.

Embodiment 52. The method of any one of Embodiments 1-48, wherein the method has a
sensitivity of at least 80% in identifying AR over normal, stable allografts (STA) with a cutoff
threshold of 1% dd-cfDNA and a confidence interval of 95%.

Embodiment 53. The method of any one of Embodiments 1-48, wherein the method has a
specificity of at least 80% in identifying AR over STA with a cutoff threshold of 1% dd-cfDNA
and a confidence interval of 95%.

Embodiment 54. The method of any one of Embodiments 1-48, wherein the method has an
AUC of at least 0.9 in identifying AR over STA with a cutoff threshold of 1% dd-cfDNA and a
confidence interval of 95%.

Embodiment 55. The method of any one of Embodiments 49-54, wherein the AR is antibody-
mediated rejection (ABMR).
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Embodiment 56. The method of any one of Embodiments 49-54, wherein the AR is T-cell-
mediated rejection (TCMR).

Embodiment 57. The method of any one of the preceding Embodiments, wherein the method
has a sensitivity as determined by a limit of blank (LoB) of about 0.5% or less, and a limit of
detection (LoD) of about 0.5% or less.

Embodiment 58. The method of Embodiment 57, wherein the LoB is about 0.23% or less,
and the LoD is about 0.29% or less.

Embodiment 59. The method of Embodiment 57, wherein the sensitivity is further
dctermined by a limit of quantitation (LoQ), whercin the LoQ is about cqual to or greater than the
LoD.

Embodiment 60. The method of Embodiment 59, wherein the LoB is about 0.04% or less,
and the LoD is about 0.05% or less, and the LoQ is about equal to the LoD.

Embodiment 61. The method of any of the preceding Embodiments, wherein the method has
an accuracy as determined by evaluating a linearity value obtained from linear regression analysis
of measured donor fractions as a function of the corresponding attempted spike levels, wherein the
linearity value is a R2 value, wherein the R2 value is from about 0.98 to about 1.0.

Embodiment 62. The method of Embodiment 61, wherein the R2 value is about 0.999
Embodiment 63. The method of any one of the preceding Embodiments, wherein the method
has an accuracy as determined by using linear regression on measured donor [ractions as a function
of the corresponding attempted spike levels to calculate a slope value and an intercept value,
wherein the slope value is from about 0.9 to about 1.2 and the intercept value is from about -0.0001
to about 0.01.

Embodiment 64. The method of Embodiment 63, wherein the slope value is about 1, and the
intercept value is about 0.

Embodiment 65. The method of any one of the preceding Embodiments, wherein the method
has a precision as determined by calculating a coefficient of variation (CV), wherein the CV is less

than about 10.0%.
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CLAIMS

What is claimed is:

1.

A method of quantifying the amount of donor-derived cell-free DNA (dd-cfDNA) in a

blood sample of a transplant recipient, comprising:

a)

b)

c)

2.

extracting DNA from the blood sample of the transplant recipient, wherein the DNA
comprises donor-derived cell-free DNA and recipient-derived cell-free DNA;
performing targeted amplification at 500-50,000 target loci in a single reaction volume
using 500-50,000 primer pairs, whercin the target loci comprisce polymorphic loci and
non-polymorphic loci, and whercin cach primer pair is designed to amplify a target
sequence of no more than 100 bp; and

quantifying the amount of donor-derived cell-free DNA in the amplification products.

A method of quantifying the amount of donor-derived cell-free DNA (dd-cfDNA) in a

blood sample of a transplant recipient, comprising:

a)

b)

c)

3.

extracting DNA from the blood sample of the transplant recipient, wherein the DNA
comprises donor-derived cell-free DNA and recipient-derived cell-free DNA, and
wherein the extracting step comprises size selection to enrich for donor-derived cell-
[ree DNA and reduce the amount of recipient-derived cell-[ree DNA disposed [rom
bursting white-blood cells;

performing targeted amplification at 500-50,000 target loci in a single reaction volume
using 500-50,000 primer pairs, wherein the target loci comprise polymorphic loci and
non-polymorphic loci; and

quantifying the amount of donor-derived cell-free DNA in the amplification products.

A method of detecting donor-derived cell-free DNA (dd-cfDNA) in a blood sample of

a transplant recipient, comprising:

a)

extracting DNA from the blood sample of the transplant recipient, wherein the DNA

comprises donor-derived cell-free DNA and recipient-derived cell-free DNA;
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b) performing targeted amplification at 500-50,000 target loci in a single reaction volume
using 500-50,000 primer pairs, wherein the target loci comprise polymorphic loci and
non-polymorphic loci;

¢) sequencing the amplification products by high-throughput sequencing; and

d) quantifying the amount of donor-derived cell-free DNA.

4. The method of claim 1, further comprising performing universal amplification of the

extracted DNA.

5. The method of claim 1, wherein the transplant recipient is a human.

6. The method of claim 1, wherein the transplant recipient has received a transplant

selected from organ transplant, tissue transplant, cell transplant, and fluid transplant.

7. The method of claim 1, wherein the transplant recipient has received a transplant
selected from kidney transplant, liver transplant, pancreas transplant, intestinal transplant, heart
transplant, lung transplant, heart/lung transplant, stomach transplant, testis transplant, penis
transplant, ovary transplant, uterus transplant, thymus transplant, face transplant, hand transplant,
leg transplant, bone transplant, bone marrow transplant, cornea transplant, skin transplant,

pancreas islet cell transplant, heart valve transplant, blood vessel transplant, and blood transfusion.

8. The method of claim 1, wherein the transplant recipient has received a kidney

transplant.
9. The method of claim 1, wherein the quantifying step comprises determining the
percentage of donor-derived cell-free DNA out of the total of donor-derived cell-free DNA and

recipient-derived cell-free DNA in the blood sample.

10. The method of claim 1, wherein the quantifying step comprises determining the number

of copies of donor-derived cell-free DNA per volume unit of the blood sample.
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11. The method of claim 1, wherein the quantifying step accounts for body mass or blood
volume of the transplant recipient.
12. The method of claim 1, wherein the method further comprises detecting the occurrence
or likely occurrence of active rejection of transplantation using the quantified amount of donor-

derived cell-free DNA.

13. The method of claim 1, wherein the method is performed without prior knowledge of

donor genotypces.

14. The method of claim 1, wherein each primer pair is designed to amplify a target

sequence of about 50-100 bp.

15. The method of claim 1, wherein the targeted amplification comprises amplifying at

least 1,000 polymorphic loci in a single reaction volume.

16. The method of claim 1, wherein the method further comprises measuring an amount of

one or more alleles at the target loci that are polymorphic loci.

17. The method of claim 1, wherein the quantifying step comprises detecting the amplified

target loci using a microarray.

18. The method of claim 1, wherein the quantifying step does not comprise using a

microarray.

19. The method of claim 1, wherein the polymorphic loci and the non-polymorphic loci are

amplified in a single reaction.

20. The method of claim 1, wherein the targeted amplification comprises simultaneously

amplifying 500-50,000 target loci in a single reaction volume using (i) at least 500-50,000 different
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primer pairs, or (ii) at least 500-50,000 target-specific primers and a universal or tag-specific

primer 500-50,000 primer pairs.

21.

A method of determining the likelihood of transplant rejection within a transplant

recipient, the method comprising:

a)

b)
c)

d

extracting DNA from the blood sample of the transplant recipient, wherein the DNA
comprises donor-derived cell-free DNA and recipient-derived cell-free DNA;
performing universal amplification of the extracted DNA;

performing targeted amplification at 500-50,000 targct loci in a single reaction volume
using 500-50,000 primer pairs, whercin the target loci comprisce polymorphic loci and
non-polymorphic loci;

sequencing the amplification products by high-throughput sequencing; and
quantifying the amount of donor-derived cell-free DNA in the blood sample, wherein

a greater amount of dd-cfDNA indicates a greater likelihood of transplant rejection.

22. A method of diagnosing a transplant within a transplant recipient as undergoing acute

rejection, the method comprising:

a)

b)

c)

d)

e)

23.

extracting DNA from the blood sample of the transplant recipient, wherein the DNA
comprises donor-derived cell-[ree DNA and recipient-derived cell-free DNA;
performing universal amplification of the extracted DNA;

performing targeted amplification at 500-50,000 target loci in a single reaction volume
using 500-50,000 primer pairs, wherein the target loci comprise polymorphic loci and
non-polymorphic loci;

sequencing the amplification products by high-throughput sequencing; and
quantifying the amount of donor-derived cell-free DNA in the blood sample, wherein
an amount of dd-cfDNA of greater than 1% indicates that the transplant is undergoing

acute rejection.

The method of claim 21, wherein the transplant rejection is antibody mediated

transplant rejection.
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24. The method of claim 21, wherein the transplant rejection is T cell mediated transplant

rejection.

25. The method of claim 21, wherein an amount of dd-cfDNA of greater than 1% indicates
that the transplant is undergoing acute rejection, and wherein an amount of dd-cfDNA of less than
1% indicates that the transplant is either undergoing borderline rejection, undergoing other injury,

or stable.

26. A method of monitoring immunosuppressive therapy in a subject, the method

comprising

a) extracting DNA from the blood sample of the transplant recipient, wherein the DNA
comprises donor-derived cell-free DNA and recipient-derived cell-free DNA;

b) pcrforming universal amplification of the extracted DNA;

c) performing targeted amplification at 500-50,000 target loci in a single rcaction volume
using 500-50,000 primer pairs, wherein the target loci comprise polymorphic loci and
non-polymorphic loci;

d) sequencing the amplification products by high-throughput sequencing; and

e) quantifying the amount of donor-derived cell-free DNA in the blood sample, wherein

a change in levels of dd-cfDNA over a time interval is indicative of transplant status.

27. The method of claim 26, further comprising adjusting immunosuppressive therapy

based on the levels of dd-cfDNA over the time interval.

28. The method of claim 27, wherein an increase in the levels of dd-c[DNA are indicalive

of transplant rejection and a need for adjusting immunosuppressive therapy

29. The method of claim 27, wherein no change or a decrease in the levels of dd-c[DNA

indicates transplant tolerance or stability, and a need [or adjusting immunosuppressive therapy.

30. The method of claim 21, wherein the method does not comprise genotyping the

transplant donor and/or the transplant recipient.
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31. The method of claim 21, wherein the extracting step comprises size selection to enrich
for donor-derived cell-free DNA and reduce the amount of recipient-derived cell-free DNA

disposed from bursting white-blood cells.

32. The method of claim 21, wherein the universal amplification step preferentially
amplifies donor-derived cell-free DNA over recipient-derived cell-free DNA that are disposed

from bursting white-blood cells.

33. The method of claim 21, further comprising longitudinally collecting a plurality of
blood samples from the transplant recipient after transplantation, and repeating steps (a) to (e) for

each blood sample collected.

34. The method of claim 1, wherein determination that the amount of dd-cfDNA above a

cutoff threshold is indicative of acute rejection of the transplant.

35. The method of claim 1, wherein the cutoff threshold value is expressed as a percentage
of dd-cfDNA in the blood sample, or as a copy number of dd-cfDNA per volume unit of the blood
sample, or as a copy number of dd-cfDNA per volume unit of the blood sample multiplied by body

mass or blood volume of the transplant recipient.

36. The mcthod of claim 35, wherein the cutoff threshold valuc is scaled according to the

amount of total cfDNA in the blood sample.

37. The method of claim 36, wherein the method has a sensitivity of at least 80% in
identifying acute rejection (AR) over non-AR when the dd-cfDNA amount is above the cutoff

threshold value scaled according to the amount of total cfDNA in the blood sample.

38. The method of claim 36, wherein the method has a specificity of at least 70% in
identifying acute rejection (AR) over non-AR when the dd-cfDNA amount is above the cutoff

threshold value scaled according to the amount of total cfDNA in the blood sample.
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