wO 2014/139477 AT I 00000100

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization
International Bureau

\

=

(10) International Publication Number

WO 2014/139477 A1l

18 September 2014 (18.09.2014) WIPO | PCT
(51) International Patent Classification: (81) Designated States (unless otherwise indicated, for every
CI12Q 1/68 (2006.01) kind of national protection available): AE, AG, AL, AM,
. L. AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(21) International Application Number: BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
PCT/CN2014/073506 DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
17 March 2014 (17.03.2014) KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
(25) Filing Language: English OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
(26) Publication Language: English SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
(30) Priority Data: ZW.
61/789,992 15 March 2013 (15.03.2013) usS
(84) Designated States (unless otherwise indicated, for every
(71) Applicant: THE CHINESE UNIVERSITY OF HONG kind of regional protection available): ARIPO (BW, GH,
KONG [CN/CNJ; Shatin, N.T., Hong Kong (CN). GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
(72) Inventors: LO, Yuk Ming Dennis; 4/F, 7 King Tak Street, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
. ; TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
Homantin, Kowloon, Hong Kong (CN). CHIU, Rossa Wai
Kwun; House 31, Double Haven, 52 Ma Lok Path Shatin EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
> ¢ ’ MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
New Territories, Hong Kong (CN). CHAN, Kvyan Chee; TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
Flat A, 13/F, Block 34, Broadway Street, Mei Foo Sun KM. ML, MR, NE, SN, TD, TG)
Chuen, Kowloon, Hong Kong (CN). ? ? U T ’
Published:

74

Agent: INSIGHT INTELLECTUAL PROPERTY LIM-
ITED; 19 A, Tower A, InDo Building, No. 48A Zhichun
Road, Haidian District, Beijing 100098 (CN).

with international search report (Art. 21(3))

(54) Title: DETERMINING FETAL GENOMES FOR MULTIPLE FETUS PREGNANCIES

(57) Abstract: Techniques are provided for determining inheritance of maternal and paternal haplotypes in pregnancies with mul -
tiple fetuses. Maternal inheritance can be determined at loci where the mother is heterozygous and the paternally inherited alleles are
known (e.g., the father is homozygous). Two types of loci may be used, where one type has the paternal allele appear on a first ma -
ternal halo type, and another type has the paternal allele appear on a second maternal haplotype. Paternal inheritance can be determ -
ined from loci where the father is heterozygous and the mother is homozygous. Amounts of different alleles at each locus can be
measured. A comparison of the amounts (e.g., using a fractional concentration of each allele and cutoffs) can be used to determine
the haplotype inheritance. A haplotype can be linked to a condition of interest.



10

15

20

25

WO 2014/139477 PCT/CN2014/073506

DETERMINING FETAL GENOMES FOR
MULTIPLE FETUS PREGNANCIES

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims priority from U.S. Provisional Application No.
61/789,992, entitled “Determining Fetal Genomes For Multiple Fetus Pregnancies ” filed March

15, 2013, the entire contents of which are herein incorporated by reference for all purposes.

[0002] This application is related to commonly owned U.S. Patent Publication No.
2011/0105353 entitled "Fetal Genomic Analysis From A Maternal Biological Sample" by Lo et
al.; and U.S. Patent Publication No. US 2013/0059733 entitled “Molecular Testing Of Multiple

Pregnancies” by Lo et al., the disclosures of which are incorporated by reference in its entirety.
FIELD

[0003] The present invention relates generally to analyzing a fetal genome based on a maternal
sample, and more particularly to determining all or parts of fetal genomes of a multiple fetus

pregnancy based on an analysis of genetic fragments in the maternal sample.

BACKGROUND

[0004] The discovery of cell-free fetal nucleic acids in maternal plasma in 1997 opened up
new possibilities for noninvasive prenatal diagnosis (Lo Y M D et al Lancet 1997; 350: 485-487;
and U.S. Pat. No. 6,258,540). This technology has been rapidly translated to clinical applications,
with the detection of fetal-derived, paternally-inherited genes or sequences, e.g. for fetal sex
determination, fetal RhD status determination, and determination of whether the fetus has
inherited a paternally-inherited mutation (Amicucci P et al Clin Chem 2000; 46: 301-302; Saito
H et al Lancet 2000; 356: 1170; and Chiu R W K et al Lancet 2002; 360: 998-1000). Recent
progress in the field has enabled the prenatal diagnosis of fetal chromosomal aneuploidies, such
as trisomy 21, from maternal plasma nucleic acid analysis (Lo Y M D et al Nat Med 2007; 13:
218-223; Tong Y K et al Clin Chem 2006; 52: 2194-2202; US Patent publication 2006/0252071;
Lo Y M D et al Proc Natl Acad Sci USA 2007; 104: 13116-13121; Chiu R W K et al Proc Natl

1



10

15

20

25

WO 2014/139477 PCT/CN2014/073506

Acad Sci USA 2008; 105: 20458-20463; Fan H C et al Proc Natl Acad Sci 2008; 105: 16266-
16271; US Patent publication 2007/0202525; and US Patent publication 2009/0029377).

[0005] Another area of significant recent progress is the use of single molecule counting
methods, such as digital PCR, for the noninvasive prenatal diagnosis of single gene diseases in
which the mother and father both carry the same mutation. This has been achieved by relative
mutation dosage (RMD) analysis in maternal plasma (US Patent application 2009/0087847; Lun
F M F et al Proc Natl Acad Sci USA 2008; 105: 19920-19925; and Chiu R W K et al. Trends
Genet 2009; 25: 324-331).

[0006] However, such methods use prior knowledge of possible mutations to analyze specific
parts of a genome, and thus may not identify latent or uncommon mutations or genetic diseases.
Further, information concerning the zygosity of twin pregnancies has conventionally been
obtained by ultrasound scanning (Chauhan SP et al. Am J Obstet Gynecol 2010; 203: 305-315) or
invasive prenatal diagnosis (¢.g. amniocentesis) (Chen CP et al. Hum Reprod 2000; 15: 929-934).

[0007] Therefore, it is desirable to provide new methods, systems, and apparatus that can

identify all or parts of fetal genomes of a multiple fetus pregnancy using non-invasive techniques.

SUMMARY

[0008] Embodiments of the invention provide methods, systems, and apparatuses for
determining inheritance of maternal and paternal haplotypes in preganncies with multiple fetuses.
Maternal inheritance can be determined at loci where the mother is heterozygous and the
paternally inherited alleles are known (e.g., the father is homozygous). Two types of loci may be
used, where one type has the paternal allele appear on a first maternal haplotype, and another
type has the paternal allele appear on a second maternal haplotype. Paternal inheritance can be
determined from loci where the father is heterozygous and the maother is homozygous.

Amounts of different alleles at each locus can be measured. A comparison of the amounts (e.g.,
using a fractional concentration of each allele and cutoffs) can be used to determine the

haplotype inheritance. A haplotype can be linked to a condition of interest.
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[0009] Some embodiments are directed to systems and computer readable media associated

with methods described herein.

[0010] A better understanding of the nature and advantages of embodiments of the present
invention may be gained with reference to the following detailed description and the

accompanying drawings.
BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. I shows an example of two loci where the mother is homozygous and the father is

heterozygous according to embodiments of the present invention.

[0012] FIG. 2 is a flowchart of a method 200 for determining inheritance of partneranl
haplotypes in fetuses of a multiple fetus prgnancy according to embodiments of the present

invention.

[0013] FIG. 3 shows the haplotypes of a hypothetical father and mother with identifications ot

two types of loci according to embodiments of the present invention.

[0014] FIG. 4A shows an example where both fetuses have inherited Hap I from the mother
for the loci shown in FIG. 3. FIG. 4B shows an example calculation of the fractional
concentration of the allele shared by the father and mother (A allele) in maternal plasma when

both fetuses have inherited Hap I from the mother.

[0015] FIG. 5A shows an example where both fetuses have inherited Hap II from the mother
for the loci shown in FIG. 3. FIG. 5B shows an example calculation of the fractional
concentration of the allele shared by the father and mother (A allele) in maternal plasma when

both fetuses have inherited Hap II from the mother.

[0016] FIG. 6A shows an example where one fetus has inherited Hap I and one has inherited
Hap II from the mother for the loci shown in FIG. 3. FIG. 6B shows an example calculation of
the fractional concentration of the allele shared by the father and mother (A allele) in maternal
plasma when one fetus has inherited Hap I and the other fetus has inherited Hap II from the

mother.



10

15

20

WO 2014/139477 PCT/CN2014/073506

[0017] FIG. 7A shows the fractional concentrations of the maternal-specific allele (B allele)
and the allele shared by the father and mother (A allele) for the three different scenarios of

maternal haplotype inheritance for two fetuses.

[0018] FIG. 7B illustrates how individual fractional concentrations at each informative SNP
locus can be used to estimate the fractional concentration of the shared allele (A allele) for all

loci of a particular type.

[0019] FIG. 8 is a flowchart of a method 800 for determining inheritance of a maternal

haplotype using both types of loci according to embodiments of the present invention.

[0020] FIG. 9 is a flowchart of a method 900 for determining inheritance of a maternal

haplotype using one type of loci according to embodiments of the present invention.

[0021] FIG. 10A shows the fractional concentrations of the shared allele (A allele) in the
maternal plasma for type o and type B SNPs when both fetuses have inherited Hap I from the

mother and the fetuses contribute different fetal DNA percentages.

[0022] FIG. 10B shows the fractional concentrations of the shared allele (A allele) in the
maternal plasma for type o and type B SNPs when both fetuses have inherited Hap II from the

mother when the fetuses contribute different fetal DNA percentages

[0023] FIG. 11A shows the fractional concentrations of the shared allele (A allele) in the
maternal plasma for Type a and Type f SNPs when one fetus inherits Hap I and the other fetus

inherits Hap II from the mother when the fetuses contribute different fetal DNA percentages.

[0024] FIG. 11B shows a table 1150 of the fractional concentrations of A alleles using type o

and B SNPs and the ratio of these two concentrations in the three scenarios.

[0025] FIG. 12 is a flowchart of a method 1200 for determining inheritance of a maternal
haplotype using a ratio of values from both types of loci according to embodiments of the present

invention.
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[0026] FIG. 13 is a flowchart of a method 1300 of determining inheritance of maternal
haplotypes in two fetuses of a female fertilized by a male, where the mother and father are

heterozygous, according to embodiments of the present invention.

[0027] FIGS. 14A and 14B show the distributions of the expected o/ ratio for Case 1 and

Case 2, respectively.

[0028] FIG. 15 is a table 1500 showing the RHDO analysis of a chromosomal segment on the

long arm of chromosome 4 for Case 1.

[0029] FIG. 16 is a table 1600 showing the RHDO analysis of a chromosomal segment on the

long arm of chromosome 4 for Case 2.

[0030] FIG. 17 shows a block diagram of an example computer system 10 usable with system

and methods according to embodiments of the present invention.

DEFINITIONS

[0031] The term “biological sample” as used in this disclosure refers to any sample that is
taken from a subject (for example, a human, such as a pregnant woman) and contains one or
more nucleic acid molecule(s) of interest. Samples useful in the practice of this invention
include plasma, serum, blood cells, leukocytes, reticulocytes, and whole blood. For some
purposes, saliva, pleural fluid, sweat, ascitic fluid, bile, urine, pancreatic juice, stool or cervical

smear samples may also be used.

[0032] The term “locus” or its plural form “loci” is a location or address of any length of

nucleotides (or base pairs) which has a variation across genomes.

[0033] As used herein, the term “locus” or its plural form “loci” is a location or address of any
length of nucleotides (or base pairs) which has a variation across genomes. The term “alleles”
refers to alternative DNA sequences at the same physical genomic locus, which may or may not
result in different phenotypic traits. In any particular diploid organism, with two copies of each
chromosome (except the sex chromosomes in a male human subject), the genotype for each gene

comprises the pair of alleles present at that locus, which are the same in homozygotes and
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different in heterozygotes. A population or species of an organism typically includes multiple
alleles at each locus among various individuals. A genomic locus where more than one allele is
found in the population is termed a polymorphic site. Allelic variation at a locus is measurable as
the number of alleles (i.c., the degree of polymorphism) present, or the proportion of
heterozygotes (i.c., the heterozygosity rate) in the population. The presence or absence of a
sequence (e.g. a gene) is also considered to be a type of allelic variation, as a locus can include
the sequence or not include the sequence. Such an absence of a sequence (e.g. the RHD gene)
can be identified, for example, by the junction of the sequences that normally come before and
after the deleted sequence. As used herein, the term “polymorphism” refers to any inter-
individual variation in the human genome, regardless of its frequency. Examples of such
variations include, but are not limited to, single nucleotide polymorphisms, simple tandem repeat
polymorphisms, insertion-deletion polymorphisms, mutations (which may be disease causing)

and copy number variations.

[0034] The term “haplotype” refers to a combination of alleles at multiple loci that are
transmitted together on the same chromosome or chromosomal region. A haplotype may refer to

as few as one pair of loci or to a chromosomal region, or to an entire chromosome.

[0035] A “chromosomal region” refers to a plurality of nucleotide positions for a particular
chromosome. The chromosomal region may be an entire chromosome or a smaller subsection.
In a normal person, a chromosomal region will have two haplotypes, one for each copy of the
chromosome that the region is within. The two haplotypes may be the same or different in the

chromosomal region.

[0036] The term “cutoff value” or amount as used in this disclosure means a numerical value
or amount that is used to arbitrate between two or more states of classification for a biological
sample — for example, the presence or absence of a genetic sequence that is associated or linked
with a particular phenotypic condition or disease, or a susceptibility to a phenotypic condition or
discase. For example, if a parameter is greater than the cutoff value, a first classification of the
quantitative data is made, or if the parameter is less than the cutoff value, a different

classification of the quantitative data is made.
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DETAILED DESCRIPTION

[0037] Embodiments can determine determining inheritance of maternal and paternal
haplotypes in pregnancies with multiple fetuses. Paternal inheritance can be determined from
loci where the father is heterozygous and the mother is homozygous. An amount of the paternal-
specific alleles (e.g., a fractional concentration of those alleles) can be used to determine how
many fetuses have inherited a haplotype with the paternal-specific alleles. Knowledge of the
paternally-inherited haplotypes in the fetuses can be used in determining the maternal haplotypes

inherited by the fetuses.

[0038] Maternal inheritance can be determined at loci where the mother is heterozygous and
the paternally inherited alleles are known (e.g., the father is homozygous or paternally-inherited
haplotype is determined). Two types of loci may be used. One type has the paternal allele
appear on a first maternal haplotype, and another type has the paternal allele appears on a second
maternal haplotype. Amounts of different alleles at each locus can be measured. A comparison
of the amounts (e.g., using a fractional concentration of each allele and cutoffs) can be used to
determine the haplotype inheritance. And, a haplotype can be linked to a condition of interest,
which can be determined to be inherited or not inherited based on the determination of which

paternal and/or maternal haplotypes are inherited.

I. ZYGOSITY

[0039] Multiple pregnancy refers to a pregnancy in which more than one fetus is carried by a
pregnant woman. Twin pregnancies are the most common form of multiple pregnancies. A twin
pregnancy can be characterized as monozygotic (identical) and dizygotic (not identical).
Although the discussion is mainly focused on twins, aspects are also applicable to higher

numbers of fetuses.

[0040] Analysis of DNA fragments present in maternal plasma is more complicated in twin
pregnancies — especially if the twins are dizygotic (not identical). Even if a particular haplotype

or a particular disease-linked polymorphism is identified in the maternal plasma as fetal in origin,
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the analyst is faced with another problem: how to determine whether both of the fetuses are

affected, or only one.

A. Monozygotic twins

[0041] When a pregnant woman carries a pair of monozygotic twins, the genetic analysis for
the fetuses can be similar to that used for analyzing singleton pregnancies. But, the possibility of
dizygotic twins makes the analysis more difficult. For the analysis of paternal inheritance, a
paternal allele that is absent in the maternal genome can be used as a marker to determine which
paternal allele is inherited by the fetuses. When the paternal allele is known to be on a particular
haplotype of the father, an inheritance of the particular haplotype by at least one of the fetuses

can be determined (by both when monozygotic).

[0042] For the analysis of the inheritance of maternal alleles, complex quantitative approaches
are required because the two maternal alleles would be detectable in the maternal plasma
regardless of which maternal allele is inherited by the fetuses. The relative amounts of the two
maternal alleles in maternal plasma can be compared, and the allele inherited by the fetus is
expected to be present at a higher concentration. In another embodiment, the relative amounts of
the two maternal haplotypes in maternal plasma are compared. This relative haplotype dosage
approach could provide more accurate result when the amount of DNA in the plasma sample is
limiting. Details about a relative haplotype dosage approach can be found in U.S. Patent No.

8,467,976, which is incorporated by reference.

B. Dizygotic twins

[0043] If the pair of twins are dizygotic, the two fetuses may inherit same or different alleles
from each of the parents. In this scenario, more complex genetic analysis is required to
determine which paternal and maternal alleles are inherited by each fetus. This information is

useful for the analysis of monogenic diseases and other conditions.

[0044] Embodiments describe techniques for analyzing the inheritance of parental haplotypes
by the fetuses in a multiple fetus pregnancy. The analysis is divided into the analysis of paternal

inheritance, and analysis of the maternal inheritance.
8
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II. ANALYSIS FOR PATERNAL INHERITANCE

[0045] The determination of wich paternal haplotype(s) is inherited by the fetuses can be
performed when a genotype and/or haplotype information is known about the father. Some
embodiments provide a method for determining parental inheritance by identifying and

measuring parental-specific haplotypes.

A. Identification of paternal specific haplotypes

[0046] A determination of paternal inheritance can be performed by analyzing loci where the
mother is homozygous and the father is heterozygous. In such instances, a fetal-specific allele

can be inherited from the father in either or both fetuses.

[0047] FIG. 1 shows an example of two loci where the mother is homozygous and the father is
heterozygous according to embodiments of the present invention. These two loci 110, 120 are
close to each other so that recombination between these two loci during a single meiosis is
unlikely. In this example, at locus 110, the paternal A allele is the same as the maternal alleles
and the paternal B allele is absent in the mother and, hence, is paternal-specific. Similarly, the C

allele at locus 120 is also paternal-specific.

[0048] In one embodiment, the phase of the paternal-specific alleles at the two different loci
can be determined. The phase of the alleles refers to the relationship of these alleles with regard
to whether they are on the same chromosome or on different homologous chromosomes. The
alleles at different loci located on the same chromosome form a haplotype. Increasing the
number of specific loci analyzed on each paternal haplotype can increase the sensitivity of
detecting the paternal-specific alleles in the maternal plasma, as more paternalspecific alleles can
be detected. The increase in the number of paternalspecific alleles detected increases the

accuracy of deducing the paternal inheritance of the fetuses.

[0049] The maternal plasma DNA is then analyzed for the paternal-specific alleles of these
two loci. Different techniques can be used for the detecting these paternal-specific alleles in the
maternal plasma and these methods would be known to those skilled-in-the-art. Examples of

these methods include, but not limited to, polymerase chain reaction (PCR), digital PCR, allele-
9
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specific PCR, DNA sequencing, primer extension reaction, mass-spectrometry-based methods

and next-generation sequencing.

[0050] For determining if the two fetuses inherit the same paternal haplotype, at least one
paternal-specific allele for each of the two paternal haplotypes can be analyzed. FIG. I shows
two paternal haplotypes Hap I and Hap IV. In the example, if the B allele is detected in the
maternal plasma for locus 110, it implies that the paternal haplotype Hap 1V is inherited by at
least one of the fetuses. Similarly, if the C allele is detected in the maternal plasma for locus 120,
the paternal Hap III is inherited by at least one of the fetuses. In twin pregnancy, the presence of
paternal-specific alleles located on each of the two paternal haplotypes in maternal plasma
indicates that the two fetuses have inherited different paternal haplotypes. If only the paternal-
specific allele at locus 110 (B allele) is present in the maternal plasma but the paternal-specific
allele at locus 120 (C allele) is absent, both fetuses have inherited the paternal Hap IV. Similarly,
if only the paternal-specific allele at locus 120 (C allele) is present in the maternal plasma but the
paternal-specific allele at locus 110 (B allele) is absent, both fetuses have inherited the paternal

Hap III.

[0051] The detectability of the paternal-specific alleles on a paternal haplotype in maternal
plasma can be affected by the fractional concentration of DNA contributed by each fetus, and the
sensitivity of detecting each paternal-specific allele. In the presence of a low fractional fetal
DNA concentration, even when a fetus has inherited a paternal-specific allele, the allele may not
be detected in the maternal plasma. To reduce the chance of falsely concluding that a paternal
haplotype is not inherited by the fetus, a larger the number of paternal-specific alleles on a

paternal haplotype can be analyzed.

B. Method for determining paternal inheritance

[0052] FIG. 2 is a flowchart of a method 200 for determining inheritance of paternal
haplotypes in fetuses of a multiple fetus pregnancy according to embodiments of the present
invention. Embodiments can analyze paternal inheritance in dizygotic twin fetuses. Method 200
can use a biological sample that is obtained from a female pregnant with more than one fetus.

The biological sample includes cell-free DNA of the female and the two fetuses. Often used is a
10
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blood related sample, such as plasma, serum, blood cells, leukocytes, reticulocytes, or whole
blood. Other sample types include urine, saliva, vaginal fluid, washings from the female genital

tract, tears and sweat.

[0053] The biological sample can be analyzed in various ways, e.g., using digital PCR,
sequencing, or other suitable techniques. The analysis can provide a count of a number of alleles
at certain loci in a genome. For example, a sequence read can be aligned to a reference genome
and the allele in the sequence read can be saved in memory. In another embodiment, a PCR
signal can indicate a number of wells (or an amount in a particular well with RT-PCR) that
include a DNA fragment corresponding to a labeled probe for a particular locus and allele.

Method 200 can be performed by a computer system.

[0054] At block 210, a first group of one or more first loci on a first chromosome are identified.
At each locus, and the father is heterozygous for a first allele and a second allele, and the mother
is homozygous for a first allele. The first alleles are on a first haplotype of a first chromosomal

region (e.g., entirc chromosome or just part). A second paternal haplotype has the second alleles.

[0055] The mother can be genotyped in a variety of ways, as will be known to one skilled in
the art. For example, DNA from maternal cells can be analyzed, and loci where only one allele

is detected can be identified as homozygous.

[0056] The first haplotype of the father can be determined in a variety of ways. In one
embodiment, the father can be genotyped and a haplotype can be determined based on a
reference haplotype, which may be determined from a particular population to which the father
corresponds (e.g., a reference determined for a particular ethnic group). In another embodiment,

a biological sample of the father can be analyzed to determine the first haplotype.

[0057] At block 220, a first amount of the respective first alleles that are present at the first loci
in DNA fragments of the biological sample is measured. As mentioned above, the second
amount can be determined by a computer that receives sequence reads or PCR reads (e.g., color
signals for a number of wells). The computer can determine a number of DNA fragments that

correspond to a particular first locus and count a number of such DNA fragments that have the

11
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second allele (e.g., number of wells that have a particular color or a number of aligned sequence

reads that have the second allele).

[0058] Insome embodiments, the analysis is done computationally using sequence data
already obtained. A choice of suitable technologies includes what is provided in

US 2011/0105353 A1 and US 2013/0059733 Al. As an alternative to sequencing through each
locus, the user may test for a particular allele using specific probes or PCR primers. The
measuring can be “selective” in the sense that the actual physical sequencing steps and/or the
sequence data obtained therefrom is masked, filtered, or otherwise selected to obtain reads that

are at or around the haplotype of interest and/or the alleles to which the haplotype is linked.

[0059] At block 230, the first amount is optionally normalized. In other embodiments, the first
amount is not normalized. In one embodiment, the first amount is normalized by dividing by a
second amount of the second alleles at the first loci. In another embodiment, the normalization
can be performed by dividing the first amount by a total amount of DNA fragments at the first

loci. The result can provide a fractional concentration of the first alleles.

[0060] The fractional concentration of the alleles at each locus is then calculated as the count
of each of the alleles separately divided by the count of all alleles together. Increasing the
number of reads of the biological (maternal) sample increases accuracy of the assessment. Each
locus may be analyzed separately and the results combined for consensus. Alternatively, counts

of alleles at all of the loci are summed together according to whether they are linked to the first

haplotype.

[0061] At block 240, the normalized first amount is compared to a first cutoff value. In one
embodiment, where the raw value for the first amount is used, the first cutoff may be zero (or
other relatively small non-normalized value) such that any detection of a first allele can indicate
the existence of the first haplotype in the maternal sample. This analysis may be more
qualitative in nature since only the existence of the first haplotype is assumed based on the
existence of some first alleles without knowing a percentage or other normalized value for the

first allele. And, whether both fetuses have inherited the first allele is not known.

12
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[0062] In other embodiments, a higher cutoff can be set so as to avoid spurious data that may
cause false positives when the detection of one or more first alleles may be incorrect, e.g., due to

errors in the biochemical process used (¢.g., sequencing or PCR).

[0063] At block 250, the inheritance of the first haplotype is determined based on the
comparison. As mentioned above, the determination may be that at least one of the fetuses has
inherited the first haplotype when the first amount or the normalized first amount exceeds the

first cutoff.

[0064] In some embodiments, more than one cutoff can be used. Such examples can be when
a fractional concentration of the first allele is determined. If a total fetal DNA percentage in the
biological sample is known and/or the individual. This quantitative measurement allows the

determination of whether one fetus or both fetuses have the haplotype of interest.

[0065] For example, both fetuses can be identified as having inherited the haplotype if the
fractional concentration is above the first cutoff value. Both fetuses are identified as not having
inherited the haplotype if the fractional concentration is not significantly greater than zero (e.g.,
less than a second cutoff). If the fractional concentration is not above the first cutoff but is
greater than the second cutoff, then one of the fetuses can be determined as has inheriting the

first haplotype and the other has not.

[0066] In one specific example, assume that the total fetal DNA percentage is 10%, with each
fetus contributing 5%. The first cutoff can be between 7-9%, or any suitable percentage that can
discriminate between 5% and 10%, given statistical accuracy of the measurement. The second
cutoff can be between 2-4%, or any suitable percentage that can discriminate between 0% and
5%, given statistical accuracy of the measurement. In some embodiments, the individual DNA
percentage contributed by each fetus may not be known, but a typical range can be assumed

based on measurements of other samples. Thus, cutoffs can still be determined in such cases.

[0067] The cutoffs used in this analysis can be determined from the relative amount or
percentage of DNA from each fetus in the maternal sample. The cutoffs can discriminate

between no contribution of the allele from either fetus, contribution from one fetus, or

13
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contribution from both fetuses. Further details are provided in to US 2011/0105353 Al and
US 2013/0059733 A1 for more information on setting the cutoff values for each patient or for a

population as a whole.

[0068] At block 260, blocks 210-250 can be repeated for a second haplotype of the first
chromosomal region. For example, one or more second loci can be identified, such as locus 120
that have a paternal-specific allele on the second haplotype (Hap Il in FIG. 1). The
determination can be made as to whether at least one of the fetuses have inherited the second
haplotype. Thus, this determination can be combined with the determination of inheritance for
the first haplotype. If both haplotypes are determine to be inherited, then one fetus inherits one
of the haplotypes. If only one haplotype is determined to be inherited, then both fetuses can be
determined to inherit the same haplotype. Therefore, a determination about inheritance can be

made for both fetuses.

[0069] If a fractional concentration is determined and used for the first haplotype, then a
fractional concentration of the second haplotype can be used to confirm the determined

inheritance from the fractional concentration and threshold for the first loci.

[0070] As the inherited paternal haplotype(s) is determined, an inherited allele at loci where
the mother is heterozygous can be determined. This information about a paternally-inherited

allele can be used in determining the inheritance of the maternal haplotypes for the fetuses.

C. ldentifying loci

[0071] The data for the parental genomes can be obtained before, during, or after analysis of
the biological sample containing the mixture of maternal and fetal DNA. The paternal genome
sequence can be obtained by sequencing a biological sample from the male patent. The maternal
genome sequence can be obtained by sequencing another biological sample taken before the
pregnancy, or from a biological sample that contains essentially no fetal DNA, such as
exsanguinated tissue or hair follicles. Alternatively, relevant parts of the genome of the male
parent and/or the female parent may be deduced by quantitative assessment of the maternal

plasma or sample taken during pregnancy.
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[0072] In some embodiments, the genotype information for either parent can then be extended
into haplotype information of the parents by comparison with the genotype information from
other family members, for example, a sibling of the fetus of the current pregnancy, or from the
genotypes of the grandparents, etc. Haplotypes of the parents can also be constructed by other
methods well known to those skilled in the art. Examples of such methods include methods
based on single molecule analysis such as digital PCR (Ding C and Cantor CR. Proc Natl Acad
Sci USA 2003; 100: 7449-7453; Ruano G et al. Proc Natl Acad Sci USA 1990; 87: 6296-6300),
sperm haplotyping (Lien S et al. Curr Protoc Hum Genet 2002; Chapter 1:Unit 1.6) and imaging
techniques (Xiao M et al. Hum Mutat 2007; 28: 913-921). Other methods include those based on
allele-specific PCR (Michalatos-Beloin S et al. Nucleic Acids Res 1996; 24: 4841-4843; Lo
YMD et al. Nucleic Acids Res 1991; Nucleic Acids Res 19: 3561-3567), cloning and restriction
enzyme digestion (Smirnova AS et al. Immunogenetics 2007; 59: 93-8), etc. Yet other methods
are based on the distribution and linkage disequilibirum structure of haplotype blocks in the
population which allow the maternal haplotype to be inferred from statistical assessments (Clark
AG. Mol Biol Evol 1990; 7:111-22; 10:13-9; Salem RM et al. Hum Genomics 2005; 2:39-66).

[0073] The loci for analysis can also be selected on the basis of their proximity to a particular
region, e.g., a region where a haplotype is known or where a genetic feature of interest exists.
Thus, the loci within the region where the haplotype is known can be selected. Loci that are
close to each other can be linked to the same haplotype, and will segregate with the haplotype as
long as there has not been a chromosomal cross-over in between them. The user has the choice
of enlarging or reducing the region of the chromosome being analyzed. Enlarging the region
increases precision of the analysis, because more of the DNA in the maternal sample will be
relevant. However, enlarging the region also risks the occurrence of a cross-over event in

between, in which case inheritance of an allele cannot accurately predict inheritance of the

haplotype.

[0074] In one embodiment, a locus to be analyzed is a disease-causing gene. In this scenario,
the two paternal alleles of interest may be a disease-causing mutation and a non-disease-causing

allele. In another embodiment, the locus to be analyzed is a polymorphism linked to a gene
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involved in a genetic disease. In this case, the two paternal alleles of interest would be an allele

linked to the mutant gene and another allele linked to the normal (i.e. non-mutant) gene.

D. Clinical assessment

[0075] Paternally-inherited autosomal dominant conditions can be evaluated by locating which
paternal haplotype is associated with the genetically inheritable condition. This can be done, for
example, using digital PCR, chromosome sorting, family study and deduction from population
haplotype information. The paternal specific disease linked to a particular haplotype can be then
identified the maternal plasma. The presence in the matneral sample (e.g., maternal plasma) of
the paternal-specific alleles located on the haplotype of interest can indicate one or both of the

fetuses have inherited the condition.

[0076] Autosomal recessive conditions can be assessed by determining if one of the fetuses
has inherited the paternal haplotype by identifying alleles located on the same paternal haplotype
in the maternal plasma. The detection of disease-linked alleles can indicate that at least one fetus
has inherited the disease-associated paternal haplotype. Thus, the one or more of the first alleles
and/or one or more of the second alleles is linked to a phenotype of interest. And, the phenotype

of interest can be a disease or disease susceptibility.

III.  ANALYSIS FOR MATERNAL INHERITANCE

[0077] The analysis of maternal inheritance for multiple fetuses in a pregnancy is complex
because DNA of maternal origin constitutes most of the DNA in the plasma of the mother. DNA
of fetal origin represents a small fraction (e.g., of the order of 10 percent), which is a
combination of DNA from both of the fetuses in a twin pregnancy. Accordingly, a quantitative

approach is used to distinguish and characterize the fetal DNA, as described below.

A. Relative haplotype dosage (RHDO) analysis

[0078] For RHDO analysis, one embodiment of the invention is to focus on the category of

loci that the mother is heterozygous and the father is homozygous. This eliminates the necessity
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of having to analyze both maternal and paternal alleles at the same time. SNPs that are

homozygous are thus defined as informative for RHDO analysis.

[0079] FIG. 3 shows the haplotypes of a hypothetical father and mother with identifications ot
two types of loci according to embodiments of the present invention. Only the loci where the
mother is heterozygous and the father is homozygous are shown. In this illustration, two alleles
(e.g. single nucleotide polymorphisms (SNP)) are identified for these informative loci. Other
types of polymorphisms, for example microsatellite polymorphisms, can also be used. Although
parts of the discussion may refer to SNPs, other types of polymorphisms (variations) may be

used.

[0080] As part of the RHDO analysis, the SNPs can be divided into two types, type a and type
B. A type oo SNP is a SNP locus at which the paternal alleles are identical to the maternal alleles
located on Hap I, and a type B SNP is a SNP locus at which the paternal alleles are identical to
the maternal alleles located on Hap II. As the assignment of Hap I and Hap 11 is arbitrary, Hap I
and Hap II can be defined interchangeably before the analysis.

[0081] In this example, Hap III and Hap IV are identical since the father is homozygous at the
loci. However, in other embodiments, the father is not homozygous, but a paternally-inherited

allele is known, e.g., by determining an inherited paternal haplotype.

[0082] In a dizygotic twin pregnancy, there are three possibilities for the inheritance of

maternal haplotypes:
* Both fetuses have inherited Hap I from the mother (FIG. 4A);
* Both fetuses have inherited Hap II from the mother (FIG. 5A);
*  One fetus has inherited Hap I and one has inherited Hap II from the mother (FIG. 6A).

[0083] FIG. 4A shows the haplotypes of the mother and father, which are the same as in FIG. 3.
Both fetuses are shown to have inherited Hap I from the mother. The other haplotype of each

fetus corresponds to either Hap III or Hap IV, as both are equivalent at the loci shown.
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[0084] FIG. 4B shows an example calculation of the fractional concentration of the allele
shared by the father and mother (A allele) in maternal plasma when both fetuses have inherited
Hap I from the mother. Assume that each fetus contributes to 10% of total DNA in the maternal
plasma and the mother contributes 80% of the total plasma DNA. For Type a SNPs, the B allele
is only present in the maternal genome. Therefore, the fractional concentration of the B allele in
the maternal plasma is 40% and the fractional concentration of the A allele (the shared allele
between the mother and the father) is 60%. For Type B SNP, both fetuses and the mother are
heterozygous for the A and B alleles. Therefore the fractional concentration of the A allele in the

maternal plasma is 50%.

[0085] FIG. 5B shows an example calculation of the fractional concentration of the allele
shared by the father and mother (A allele) in maternal plasma when both fetuses have inherited
Hap II from the mother. Each fetus is assumed to contribute 10% of total DNA in the maternal
plasma, and the mother contributes 80%. For Type o. SNPs, both fetuses and the mother are
heterozygous for the A and B alleles. Therefore, the fractional concentrations of both the A
allele and the B allele in the maternal plasma are 50%. For Type B SNP, the B allele is only
present in the maternal genome but not in the fetuses. Therefore, the fractional concentration of

the B allele in the maternal plasma is 40% and the fractional concentration of the A allele is 60%.

[0086] FIG. 6B shows an example calculation of the fractional concentration of the allele
shared by the father and mother (A allele) in maternal plasma when one fetus has inherited Hap 1
and the other fetus has inherited Hap II from the mother. Assuming that each fetus contributes
10% of total DNA in the maternal plasma and the mother contributes 80% of the total plasma
DNA, the fractional concentration of the A allele would be 55% for both Type o and Type B
SNPs.

B. Comparison of the predicted values with actual fractional concentration

[0087] The examples above assumed a particular fraction concentration of fetal DNA. The
fractional concentration of the fetal DNA can be determined by several methods, including the

analysis of fetal-specific epigenetic markers and polymorphic markers between the mother and
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the father at other loci. Methods for measuring the fractional concentration of both twins in the

maternal plasma and the contribution of each fetus are described in US 2013/0059733 Al.

[0088] Statistical analysis can be performed on the fractional concentrations of either the A
allele or the B allele (or both) to differentiate the three scenarios. The example of each fetus
contributing 10% of the total amount of DNA fragments in the sample is still assumed for the
following discussion. Embodiments where the fetuses contribute different fetal DNA

percentages is addressed in a later section.

[0089] FIG. 7A shows the fractional concentrations of the maternal-specific allele (B allele)
and the allele shared by the father and mother (A allele) for the three different scenarios of
maternal haplotype inheritance for two fetuses. In FIG. 7A, it is assumed that each of the two
fetuses contributed 10% of the total maternal plasma DNA, and the predicted fractional
concentrations of the shared alleles (A alleles) for type o SNPs and type f SNPs. The fractional
concentration of the A alleles for the SNP loci can be measured experimentally, and then

compared with the predicted value to determine which inheritance pattern best is most probable.

[0090] The allelic counts for the A and B alleles of all the SNPs of the same type (o or B)
within the region-of-interest can be aggregated together to calculate the aggregated fractional
concentrations for type o and type B SNPs. The deviations of the aggregated fractional
concentrations from the predicted values can be determined. The pattern that gives the smallest

total deviation can be deduced to be the maternal inheritance in the twin fetuses.

[0091] In FIG. 7A, the fractional concentrations of the shared alleles (A allele) determined
using type a and type B SNPs would be the same when one fetus has inherited Hap I and the
other has inherited Hap II from the mother. The fractional concentration of the A alleles would
be higher for the type a SNPs than for the type B SNPs if both fetuses have inherited Hap 1 from
the mother. In contrast, the fractional concentration would be higher for the type B SNPs than

for the type oo SNPs if both fetuses have inherited the maternal Hap II.

[0092] The fractional concentrations of the shared alleles (A allele) using type o and type B

SNPs can be compared to determine if they are statistically different. For example, if the
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fractional concentrations of the shared alleles based on type o and type B SNPs are not
statistically different, one fetus has inherited Hap I and one has inherited Hap II from the mother.
Alternatively, if the fractional concentration of the shared alleles for the type . SNPs is
statistically significantly higher than that for the type f SNPs, both fetuses have inherited Hap 1
from the mother. If the fractional concentration of the shared alleles for the type oo SNPs is
statistically significantly lower than that for the type B SNPs, it indicates that both fetuses have
inherited Hap II from the mother.

[0093] In another embodiment, a ratio of the fractional concentrations (or other amounts) for
type a loci and type P loci can be computed. This ratio can be compared to the ratios in column
710.

[0094] Different statistical tests can be used to determine if the fractional concentrations of the
shared allele for the type o and type B SNPs are significantly different. Examples of these
methods include (but not limited to) sequential probability ratio testing (SPRT), Student’s t test,

Mann-Whitney rank-sum test, Chi square test.

[0095] FIG. 7B illustrates how individual fractional concentrations at each informative SNP
locus can be used to estimate the fractional concentration of the shared allele (A allele) for all
loci of a particular type. The distribution of the fractional concentrations for all the SNP loci can
then be constructed and the measured fractional concentration can be determined from the peak
of the distribution. This statistical analysis can be performed instead of summing counts of all A

alleles and counts of all B alleles.

[0096]  Accordingly, individual ratios (e.g., fractional concentrations) of amounts at each locus
can be computed. These individual ratios can then be used to obtain an overall ratio (e.g., an
overall fractional concentration). Thus, an average, median, or other statistical value (e.g., peak
of a distribution) of individual ratios can be used to determine an overall ratio that may be

compared to a cutoff.
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C. Scheme for determining maternal inheritance using both types of loci

[0097] In one embodiment, both types of loci can be used in a quantitative process to
determine the inheritance of the maternal haplotypes. For example, the type o loci can be used to
determine whether both fetuses have inherited a same haplotype. And, the type B loci can be

used to determine whether each fetus inherits a different haplotype.

[0098] FIG. 8 is a flowchart of a method 800 for determining inheritance of a maternal
haplotype using both types of loci according to embodiments of the present invention. Method
800 can analyze maternal inheritance in dizygotic twin fetuses. The analysis is done on a sample
obtained from the female parent, where the sample contains the maternal DNA and fetal DNA
(e.g., cell-free DNA) from each of the fetuses. Any biological sample (e.g., as defined herein)
can be used, provide the sample contains fetal DNA. As with other methods, method 800 uses a

computer system.

[0099] At block 810, a first group of one or more first loci are identified on a first chromosome.
The female is heterozygous for a respective first allele and a respective second allele at each first
locus. The first maternal haplotype has the first alleles and a second maternal haplotype has the
second alleles. The first loci may be near a genetic feature of interest on a particular
chromosome. The first group of loci can correspond to the type a loci described in examples

herein.

[0100] At block 820, it is determined that the two fetuses inherit the respective first alleles at
the first loci from the father. In one embodiment, the father may be determined to be
homozygous for the respective first alleles, and thus the first alleles would be inherited
regardless of which paternal haplotype is inherited. This genotyping of the father can be
performed using a paternal sample. In another embodiment, method 200 can be used to
determine an inherited paternal haplotype. Since the paternal haplotype is determined, the
paternally-inherited allele at the first loci can be determined, even if the father is heterozygous at

the first loci.
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[0101] Accordingly, if paternal inheritance is determined first, it is not necessary to limit the
analysis of maternal inheritance to loci where the father is homozygous and the mother is
heterozygous. Loci where both parents are heterozygous can also be used, because the parental
inheritance dictates which paternal allele(s) have been passed on to the two fetuses. Based on

that information, the loci can be classified as falling into the first group or the second group.

[0102] At block 830, a second group of one or more second loci are identified on the first
chromosome. The first maternal haplotype has a respective third allele and the second maternal
haplotype has a respective fourth allele at each second locus of the second group. The first group

of loci can correspond to the type B loci described in examples herein.

[0103] At block 840, it is determined that the two fetuses inherit the respective fourth alleles at
the second loci from the father. The determination of the inheritance of the fourth alleles from
the father can be determined as described above for block 820. For example, the father can be
homozygous for the respective fourth allele at each locus of the second loci. In another
embodiment, the father can be heterozygous at the second loci, but other loci can be used to
determine that the respective fourth allele is inherited from a particular paternal haplotype using

method 200, which can use a different set of loci (e.g., ones where the mother is homozygous).

[0104] At block 850, a computer system measures a first amount of the respective first alleles
and a second amount of the respective second alleles that are present at the first loci in DNA
fragments of the biological sample from the female. For example, DNA fragments can be
sequenced to obtain sequence reads, and the reads can be aligned to a reference genome to
identify reads aligning to the first loci. The number of reads having the first and second alleles
can be counted to determine the first and second amounts, respectively. In other embodiments,

other techniques are used as mentioned herein or in incorporated documents.

[0105] At block 860, the computer system measures a third amount of the respective third
alleles and a fourth amount of the respective fourth alleles that are present at the second loci in
DNA fragment of the biological sample. The third and fourth mounts can be computed in a

similar manner as the first and second amounts.
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[0106] In some embodiments, the amounts can be normalized, e.g., to determine a fractional
concentration of a particular allele. Thus, the first amount can correspond to a count of DNA
fragments with the first alleles divided by the total number of DNA fragments at all of the first
loci. A normalization of the second amount can be determined in a similar manner. A
normalization of the third and fourth amounts can be determined using a total number of DNA

fragments at the second loci.

[0107] At block 870, the inheritance of maternal haplotypes in the two fetuses is determined
using the four amounts. In one embodiment, maternal inheritance is then determined from the

four measured amounts as follows:

(1) both fetuses have inherited the first maternal haplotype when the first amount is
statistically higher than the second amount and the third amount is statistically equal to

the fourth amount;

(i) both fetuses have inherited the second maternal haplotype when the first amount is
statistically equal to the second amount and the fourth amount is statistically higher than

the third amount; or

(ii1) one of the fetuses has inherited the first maternal haplotype and the other has
inherited the second maternal haplotype when the first amount is statistically higher than
the second amount and when the fourth amount is statistically higher than the third

amount.

[0108] Whether an amount is statistically higher can be determined by using cutoff values, e.g.,

requiring a specified number of standard deviations. The cutoffs can depend on the fractional
fetal DNA concentration, which may be calculated just for all fetuses and/or for individual

fetuses.

[0109] In one embodiment, the first amount can be compared directly with the second amount
plus a cutoff value. In this manner, the difference between the two amounts can be deemed

statistically higher when the first amount is greater than the second amount plus a cutoff value
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[0110] In another embodiment, a parameter is determined from the first amount and the second
amount (e.g., a difference or a ratio), and the parameter is compared to a cutoff to see if the first
amount is statistically higher than the second amount. The same can be done for other
determinations of statistical difference or statistical equality. In one implementation, the cutoff
values for different determinations can vary, e.g., the cutoff for (iii) may require less statistical

deviation than for (i) and (i1).

[0111] As described above, if the percentage of fetal DNA is 20% with each fetus contributing
10%, the determination of statistical equality vs. statistically greater for (1) and (ii) can
distinguish between 50% (equality) and 60% (greater). Thus, a cutoff for determining statistical
greater might be true if the parameter (e.g., fractional concentration) is greater than 55%, which
is halfway between 50% and 60%. A ratio of the first amount to the second amount can also be

used, which would provide 1.5 for the instance of 60% being the A allele at type a loci.

[0112] For (iii) the determination of statistically greater can distinguish between 50% and 55%.
Thus, a cutoff could be between 51-54%, depending on the sensitivity and specificity desired. A
ratio of the first amount of the second amount can also be used, which would provide 1.22 for the

instance of 55% being the A allele at type o loci.

D. Method for determining maternal inheritance using one type of loci

[0113] Insome embodiments, only one type of locus is used. For example, FIG. 7A shows
three difference ratios of 50%, 55%, and 60% for the type o loci. A ratio can be compared to

various cutoffs to discriminate between these different classifications.

[0114] FIG. 9 is a flowchart of a method 900 for determining inheritance of a maternal
haplotype using one type of loci according to embodiments of the present invention. Method
900 uses data from a maternal biological sample that includes DNA (e.g., cell-free DNA) from

the mother and the fetuses.

[0115] Atblock 910, a first group of one or more first loci are identified on a first chromosome.

The mother is heterozygous for a respective first allele and a respective second allele at each first
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locus. A first maternal haplotype has the first alleles and a second maternal haplotype has the

second alleles. Block 910 may be performed in a similar manner as block 810.

[0116] At block 920, it is determined that the two fetuses inherit the respective first alleles at
the first loci from the father. Block 920 may be performed in a similar manner as block 820. As
described above, various steps can be performed in various orders. For example, the data for the
parental genomes can be obtained before, during, or after analysis of the maternal sample and

may use any suitable DNA technology (e.g., sequencing or PCR).

[0117] At block 930, a computer system measures a first amount of the respective first alleles
and a second amount of the respective second alleles that are present at the first loci in DNA
fragments of the maternal biological sample. Block 920 may be performed in a similar manner
as block 850.

[0118] At block 940, a ratio of the first amount and the second amount is calculated. The ratio
can be of various forms. For example, the first amount divided by the second amount; the
second amount divided by the first amount; the first divided by a sum of the first amount and

second amount; or the second amount divided by a sum of the first amount and second amount.

[0119] At block 950, the inheritance of maternal haplotypes in the two fetuses is determined
using the ratio. In one embodiment, maternal inheritance is then determined from the four

measured amounts as follows:

(1) identifying both fetuses as having inherited the first maternal haplotype when the

ratio is greater than a first cutoff;

(1) identifying both fetuses as having inherited the second maternal haplotype when

the ratio is less than a second cutoff; or

(ii1)  identifying one of the fetuses as inheriting the first maternal haplotype and the

other fetus as inheriting the second maternal haplotype when the ratio is less than a third
cutoff and greater than a fourth cutoff, the third cutoff being less than or equal to the first
cutoff, and the fourth cutoff being greater than or equal to the second cutoff and less than

the third cutoff.
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[0120] The cutoff values used in this analysis can be determined from the relative amount or
percentage of DNA from each fetus in the maternal sample. The cutoffs can discriminate
between the various classifications. In the example of FIG. 7A, the first cutoff can discriminate
between 60% and 55%, and specifically determine whether the sample can be classified as both
fetuses inheriting Hap 1. The third cutoff value can be less than the first cutoff when there is an
undetermined range, as may occur to obtain greater specificity. The second cutoff can
discriminate between 50% and 55%, and specifically determine whether the sample can be
classified as both fetuses inheriting Hap II. The fourth cutoff can be greater than the second

cutoff when there is an undetermined range, as may occur to obtain greater specificity.

[0121] In one embodiment, for determining maternal inheritance directly from the fractional
concentration of the alleles shared between the male and female patients, two cutoff values are
established. There are three scenarios where both fetuses, one fetus, or neither fetus has
inherited the respective haplotype. Each scenario will each form a distribution of the fractional
concentration of linked alleles of the nature shown in FIG. 7B, with decreasing medians. For
example, if both fetuses contribute 5% of the DNA in the biological sample, the fractional
concentration for the three scenarios will have a median of about 60%, 55%, and 50%
respectively (FIG. 7A). Cutoff values are set to partition between the scenarios. The first or
higher cutoff distinguishing inheritance by two fetuses rather than one would be set at about
57.5%. The second or lower cutoff distinguishing inheritance by one fetus rather than neither

would be set at about 52.5%.

[0122] The paternal genome sequence can be obtained by sequencing a biological sample from
the father. The maternal genome sequence can be obtained by sequencing a biological sample
taken before the pregnancy, or from a biological sample that contains essentially no fetal DNA,
such as exsanguinated tissue or hair follicles. Alternatively, relevant parts of the genome of the
male parent and/or the female parent may be deduced by quantitative assessment of the maternal

plasma or sample taken during pregnancy.

[0123] The loci for analysis are also selected on the basis of their proximity to a particular

chromosomal region or genetic feature of interest. The first loci may be selected as there are
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close to each other and will segregate with the parental haplotypes as long as there has not been a
chromosomal cross-over in between them. The user can enlarge or reduce the region of the
chromosome being analyzed. Enlarging the region increases precision of the analysis, because
more of the DNA in the maternal sample will be relevant. However, enlarging the region also
risks the occurrence of a cross-over event in between, in which case inheritance of an allele

cannot accurately predict inheritance of the haplotype.

[0124] 1In one embodiment, the ratio of the alleles at each locus is then calculated as the count
of each of the alleles separately divided by the count of all alleles together. Increasing the
number of reads of the maternal sample increases accuracy of the assessment. Each locus may
be analyzed separately and the results combined for consensus, e.g., as depicted in FIG. 7B.

Alternatively, counts of alleles at all of the loci are summed together.

E. Fetuses contributing different amounts of DNA to maternal plasma

[0125] When a pregnant woman is carrying twin fetuses, the two fetuses can release different
amounts of DNA into the maternal circulation. As a result, the fractional fetal DNA

concentrations from the two fetuses can be different.

[0126] FIG. 10A shows the fractional concentrations of the shared allele (A allele) in the
maternal plasma for type o and type B SNPs when both fetuses have inherited Hap I from the
mother when the fetuses contribute different fetal DNA percentages. In this example, fetus 1
contributes a% and fetus 2 contributes b%. For type B loci, the percentage stays at 50% since
both alleles are equal. But, the percentage for type o loci change, as the A allele is more

abundant. The percentage follows the formula of F=50% + (a%+b%)/2.

[0127] FIG. 10B shows the fractional concentrations of the shared allele (A allele) in the
maternal plasma for type o and type B SNPs when both fetuses have inherited Hap II from the
mother when the fetuses contribute different fetal DNA percentages. In this example, fetus 1
contributes a% and fetus 2 contributes b%. For type a loci, the percentage stays at 50% since
both alleles are equal. But, the percentage for type B loci change, as the A allele is more

abundant. The percentage follows the formula of F=50% + (a%+tb%)/2.
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[0128] FIG. 11A shows the fractional concentrations of the shared allele (A allele) in the
maternal plasma for type o and type B SNPs when one fetus inherits Hap I and the other fetus
inherits Hap II from the mother when the fetuses contribute different fetal DNA percentages. In
this example, fetus 1 contributes a% and fetus 2 contributes b%. For both loci, the percentage of
the abundant allele varies with the fetal contribution. For type o loci, the percentage becomes

F=50%+a%/2. And, the percentage for type B loci becomes F=50% + b%/2.

[0129] FIG. 11B shows a table 1150 of the fractional concentrations of A alleles using type a
and B SNPs and the ratio of these two concentrations in the three scenarios, namely both fetuses
have inherited the maternal Hap I, both fetuses have inherited the maternal Hap II and the two
fetuses have inherited different maternal haplotypes. Column 1160 shows the expected ratio for
the shared allele A for type o loci corresponding to the three scenarios. Column 1160 shows the
expected ratio for the shared allele A for type B loci corresponding to the three scenarios.
Column 1180 shows a ratio of the parameters from the other columns, namely ratio of the values
for type o relative to values for type B. As described in the next section, embodiments can use
the values in column 1180 to determine cutoffs for a ratio of the concentrations from both types

of loci.

F. Method using ratios of ratios

[0130] In one embodiment, method 900 can use a ratio (e.g., as in column 1180 of the ratios
for type o and B). For example, the ratio used in block 940 can be the ratio in column 1180. To
use such a ratio, both types of loci are used. Additionally, method 800 can be performed using

the ratio in column 1180. Such a method is described below.

[0131] FIG. 12 is a flowchart of a method 1200 for determining inheritance of a maternal
haplotype using a ratio of values from both types of loci according to embodiments of the present
invention. Method 1200 uses data from a maternal biological sample that includes DNA (e.g.,

cell-free DNA) from the mother and the fetuses.

[0132] Blocks 1210-1240 can be performed in a same manner as blocks 810-840 of method
800.
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[0133] At block 1250, a first ratio is calculated of a first amount of the respective first alleles
and a second amount of the respective second alleles that are present at the first loci in DNA
fragments of the maternal biological sample. In one embodiment, the first ratio is the first
amount divided by the second amount. In another embodiment, the first ratio is of the first
amount divided by a sum of the first amount and the second amount to provide a fractional

concentration of the first alleles.

[0134] At block 1260, a second ratio is calculated of a third amount of the respective third
alleles and a fourth amount of the respective fourth alleles that are present at the second loci in
DNA fragment of the biological sample. As described herein, the first, second, third, and fourth
amounts are obtained from a measurement of the biological sample, e.g., using sequencing or

PCR data.

[0135] At block 1270, a third ratio is calculated of the first and second ratio. In one
embodiment, the third ratio is the third amount divided by the fourth mount, as shown in FIG>
11B. In another embodiment, the third ratio is of the third amount divided by a sum of the third

amount and the fourth amount.

[0136] At block 1280, the inheritance of maternal haplotypes in the two fetuses is determined
using the ratio. In one embodiment, maternal inheritance is then determined from the four

measured amounts as follows:

(1) identifying both fetuses as having inherited the first maternal haplotype when the

third ratio is greater than a first cutoff,

(1) identifying both fetuses as having inherited the second maternal haplotype when
the third ratio is less than a second cutoff, the first cutoff being larger than the second

cutoff, or

(ii1)  identifying one of the fetuses as inheriting the first maternal haplotype and the
other fetus as inheriting the second maternal haplotype when the third ratio is less than a

third cutoff and greater than a fourth cutoff, the third cutoff being less than or equal to the
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first cutoff, and the fourth cutoff being greater than or equal to the second cutoff and less

than the third cutoff.

[0137] In one embodiment, block 1280 can be performed by first determining whether the first
ratio (type o) or the second ratio (Type B) is higher. This can discriminate between whether both
fetuses have inherited Hap I or Hap II. After such a determination, only one of those options will
survive. Then, it can be determined whether third ratio is closer to the two remaining values.

For example, if a > b, it can be determined if the ratio of concentrations by type o and type 3 loci

are closer to one of the two values:

1)
(50% + “T/")

2
(50%+%)

(1+a%+b%) or

[0138] The specific cutoff or threshold values used can be determined using any suitable
statistical test. Statistical tests, for example but not limited to sequential probability ratio testing
(SPRT), normal mixture mode I (McLachlan G and Peel D. Multivariate normal mixtures. Finite
mixture models 2004: p81-116. John Wiley & Sons Press), binomial mixture model and Poisson
mixture model (McLachlan G and Peel D. Mixtures with non-normal components, Finite mixture
models 2004: p135-174. John Wiley & Sons Press) can be used in methods described herein.

For example, a cutoff can determine if the third ratio is statistically different from the two values
above. Alternatively, computer simulation can be used to determine which of the true values is

more compatible with the ratio value of the tested case (Qu JZ et al. Clin Chem. 2013;59:427-35).

G. Clinical assessment

[0139] Maternally inherited autosomal diseases can be assessed by analyzing a chromosomal
region linked to the disease locus. If the maternal haplotype linked to the disease allele is
inherited by both fetuses, then both fetus would be affected by the condition. If the two fetuses
are deduced to have inherited different maternal haplotypes, then only one of the fetuses would
be affected. If both fetuses inherit the maternal haplotype linked with the normal allele, then
both fetuses would not be affected.
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[0140] Autosomal recessive disease can be assessed by taking into account the inheritance of
the paternal haplotypes. If both fetuses inherit the paternal haplotype linked with the disease
allele, then based on the analysis of the inheritance of the maternal haplotypes, we can determine
if the fetuses would be affected by the condition or would be carriers. If both fetuses inherit the
normal paternal allele, then analysis of the inheritance of the maternal haplotypes can determine
if the fetuses are carriers of the condition. If the two fetuses inherit different paternal haplotypes
and different maternal haplotypes, then there is 50% chance that one fetus is affected and the

other is normal and there is 50% chance that both fetuses are carriers of the condition.

IV.  MOTHER AND FATHER ARE HETEROZYGOUS

[0141] By extension, the principles behind the embodiments described above can be applied in
other patterns of inheritance. As mentioned above, the same paternally-inherited allele can be
inherited by both fetuses. And, the paternally-inherited allele can be determined even in
instances where the father is heterozygous. For example, the paternally-inherited haplotype can
be determined from loci where the mother is homozygous and the father is heterozygous, and
then the paternally-inherited alleles at other loci on the haplotype can be determined. But, some

embodiments can be used when the paternally-inherited allele is not known.

[0142] In one embodiment, maternal inheritance can be determined using loci where both the
maternal and paternal genotypes are heterozygous for both the A allele and the B allele, and the
paternally inherited alleles are not the same among all fetuses or are not known. Measuring the
presence of these two haplotypes in maternal plasma will resolve into five ranges. For example,
if the two fetuses each contribute 10% of the DNA in the maternal plasma, the proportional
contribution of the A allele measured will be approximately 40% (if both fetuses are
homozygous B); 45% (if one fetus is homozygous B and the other is heterozygous); 50% (if both
fetuses are heterozygous or if one is homozygous A and the other is homozygous B); 55% (if one
fetus is homozygous A and the other is heterozygous); and 60% (if both are homozygous A). To
separate the five possible scenarios, four cut-off amounts are defined. To resolve this complexity,
typically more DNA reads are needed for the plasma sample than when the parental locus is

homozygous A.
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[0143] Maternal inheritance can also be determined where there is more than two allelic
variants at each locus. Thus, if the maternal genotype is AB and the paternal genotype is CD at a
particular locus, the amount of DNA measured in maternal plasma will resolve such that the
proportional contribution of A will resolve into 40% (if both fetuses are BC or BD), 45% (if the
fetuses are AC or AD combined with BC or BD); and 50% (if both fetuses are AC or AD). If the
maternal genotype is AB and the paternal genotype is AC, the amount of DNA measured in
maternal plasma will resolve into five ranges, as in the case where the parental genotype is AB in

terms of the A allele, but lower in terms of the B allele.

[0144] FIG. 13 is a flowchart of a method 1300 of determining inheritance of maternal
haplotypes in two fetuses of a female fertilized by a male, where the mother and father are
heterozygous, according to embodiments of the present invention. Method 1300 uses a
biological sample from the mother, ¢.g., which includes cell-free DNA of the female and the two

fetuses.

[0145] Atblock 1310 a first group of one or more first loci are identified on a first
chromosome. The female is heterozygous for a respective first allele and a respective second
allele at each first locus. A first maternal haplotype has the first alleles and a second maternal
haplotype has the second alleles. The male is also heterozygous at the first loci. The first group

can be either type of loci.

[0146] At block 1320, a first amount of the respective first alleles that are present at the first
loci in DNA fragments of the biological sample is measured. Block 1320 may be performed in a

similar manner as other measuring operations.

[0147] At block 1330, a second amount of DNA fragments of the biological sample that are
from the first loci is measured. The second amount can correspond to any DNA fragment that is
located at one of the first loci. Any signal that indicates a DNA fragment (with any allele) is
from one of the first loci can be used to determine the second amount. For example, such a
signal can be a sequence read that aligns to one of the first loci or a color of a well in PCR that

corresponds to a probe for one of the first loci.
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[0148] At block 1340, a ratio of the first amount and the second amount is calculated. The ratio

can be any ration, e.g., as described herein.

[0149] At block 1350, the inheritance of maternal haplotypes in the two fetuses is determined

using the ratio. In one embodiment, maternal inheritance is then determined as follows:

(1) identifying both fetuses as having inherited the first maternal haplotype when the ratio

is greater than a first cutoff; and

(i) identifying both fetuses as having inherited the second maternal haplotype when the

ratio is less than a second cutoff.

[0150] Other maternal inheritance can be determined. In some embodiments, a first paternal
haplotype has the first alleles and a second maternal haplotype has the second alleles, as in the
first example above. When the ratio is statistically equal to 50%, both fetuses can be identified
as being heterozygous at the one or more first loci (e.g., At block), or one fetus is homozygous
for the first alleles (e.g., AA) and the other fetus is homozygous for the second alleles (e.g., BB).
Another example includes identifying that one fetus is homozygous for the second alleles (e.g.,
BB) and the other fetus is heterozygous (e.g., AB) at the one or more first loci when the ratio is
greater than the second cutoff (e.g., to discriminate between 40% and 45% in example above)
and less than a third cutoff (e.g., to discriminate between 45% and 50% in example above). Thus,
the third cutoff is less than the first cutoff. Another example includes identifying that one fetus
is homozygous for the first alleles (e.g., AA) and the other fetus is heterozygous (e.g., At block)
at the one or more first loci when the ratio is less than the first cutoff (e.g., to discriminate
between 60% and 55% in example above) and greater than a fourth cutoff (e.g., to discriminate
between 50% and 55% in example above). Thus, the fourth cutoff is greater than the third
cutoff.

[0151] Insome embodiments, a first paternal haplotype has respective third alleles (e.g., C)
and a second paternal haplotype has respective fourth alleles (e.g., D). When the ratio is less
than the first cutoff and greater than the second cutoff, one fetus can be identified as

heterozygous for the first alleles and either of the third or fourth alleles (e.g., AC or AD). The
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other fetus can be identified as heterozygous for the second alleles and either of the third or

fourth alleles (e.g., BC or BD).

V. TRIPLETS

[0152] Maternal inheritance can also be resolved according to the principles of this invention

in pregnancies involving more than two fetuses. For example, consider the example when the
mother is heterozygous AB and the father is homozygous AA, and there are three fetuses (triplets)
each contributing 10% of the DNA in the maternal plasma sample. The proportional

contribution of A will resolve into 50% (if all three fetuses are heterozygous); 55% (if two are
heterozygous and one is homozygous A); 60% (if one is heterozygous and two are homozygous
A); and 65% (if all three are homozygous A). For multiple pregnancies higher than two,

typically more DNA reads are needed for the plasma sample to provide ample resolution.

[0153] Accordingly, in one embodiment, the three fetuses can be identified as heterozygous at
the one or more first loci when the first amount is statistically equal to the second amount (e.g.,
~50% value for the ratio). When the ratio is less than a third cutoff (e.g., to discriminate between
60% and 55%) and greater than a fourth cutoff (e.g., to discriminate between 50% and 55%), two
fetuses can be identified as heterozygous and one fetus as homozygous for the first alleles at the
one or more first loci. When the ratio is greater than the first cutoff (e.g., to discriminate
between 60% and 55%) and less than a fifth cutoff (e.g., to discriminate between 65% and 60%),
two fetuses can be identified as homozygous for the first alleles and one fetus as heterozygous at
the one or more first loci. When the ratio is greater than the fifth cutoff, all three fetuses can be

identified as homozygous for the first alleles.

VI.  EXAMPLE

[0154] The following section provides a non-limiting working example that illustrates some of

the principles of this invention.
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A. Obtaining and measuring fetal DNA from dizygotic twins

[0155] Two pregnant women each with twin pregnancies were recruited in the Department of
Obstetrics and Gynaecology of the Prince of Wales Hospital, Hong Kong with informed consent.
Blood samples were collected at 21 and 25 weeks of gestation. Cord blood was collected
separately from each fetus after delivery. This study was approved by the Joint Chinese
University of Hong Kong—Hospital Authority New Territories East Cluster Clinical Research

Ethics Committee.

[0156] Maternal blood samples were centrifuged at 1,600 g for 10 min at 4 °C. The plasma
portion was recentrifuged at 16,000 g for 10 min at 4 °C to remove any residual blood cells. The
blood cell portion was recentrifuged at 2,500 g for 5 min at room temperature to remove any
residual plasma. Plasma DNA was extracted with the DSP™ DNA Blood Mini Kit™ (Qiagen).
Cord blood DNA was extracted with the QIAamp™ DNA Blood Mini Kit™ (Qiagen). Genomic
DNA extracted from cord blood samples was genotyped with the Affymetrix™ Genome-Wide
Human SNP Array 6.0 System™ (Affymetrix). The two pairs of twins in each subject were
confirmed to be dizygotic by the genotype analysis.

[0157] Plasma DNA sequencing libraries were constructed with the Paired-End Sample
Preparation Kit™ (Illumina). Approximately 30 ng of DNA was used to prepare each library.
These libraries were then subjected to target enrichment using the custom-designed SureSelect
Target Enrichment System™ (Agilent Technologies). The capture library covered 5.5 Mb of
genomic regions distributed over 14 chromosomes (chr) as follows: chrl (0.33 Mb), chr2 (0.30
Mb), chr3 (0.62 Mb), chr4 (0.32 Mb), chr5 (0.33 Mb), chr7 (0.31 Mb), chr8 (0.62 Mb), chr9
(0.31 Mb), chr13 (0.30 Mb), chrl5 (0.33 Mb), chr17 (0.66 Mb), chr19 (0.35 Mb), chr20 (0.34
Mb), and chr22 (0.30 Mb).

[0158] The libraries were sequenced by the standard paired-end protocol (Illumina) on a Hi-
Seq 2000 sequencer (Illumina), with a read length of 50 bp for each end. Each library was
sequenced with 2 lanes of a sequencing flow cell. The SOAP2 algorithm was used to align all

sequenced reads to the non-repeat-masked human reference genome (Hgl 8).
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[0159] The fractional concentration of fetal DNA was determined by the fractional
concentration of the paternally-inherited fetal allele in the maternal plasma. The paternally-
inherited fetal allele was identified using the based on its presence as a minor allele at any SNP

locus with two different alleles in the maternal plasma.

[0160] Based on the distribution of the fractional concentration of the paternally-inherited fetal
alleles in the maternal plasma, the total fractional concentrations of the fetal DNA in maternal
plasma was estimated. The fractional fetal DNA concentrations were determined as 22.6% and
30.6% for Cases 1 and 2, respectively. The distributions of the fractional concentrations of fetal
DNA at all the informative loci were used to determine the contribution of individual twin fetus

to the maternal plasma DNA.

B. Analysis and conclusions

[0161] The informative loci for the purposes of this analysis were those SNP loci that the
mother is homozygous but at least one fetus is heterozygous and has inherited a different allele
from the father. For Case 1, the fractional fetal DNA concentrations in the maternal plasma
contributed by the two fetuses were 10% and 11.6%. For Case 2, the fractional fetal DNA

concentrations in the maternal plasma contributed by the two fetuses were 12.4% and 18.2%.

[0162] For each pregnant woman, RHDO analysis was carried out to determine if the two
fetuses had inherited the same or different maternal haplotype. A region located at the long arm
of chromosome 4 was used in this example to illustrate the RHDO analysis. According to the
genotype analysis of the cord blood of the fetuses, the two fetuses had inherited different
maternal haplotypes for this region for Case 1. For Case 2, the two fetuses had inherited the
same maternal haplotype. The paternal genotype was determined using family analysis. In this
RHDO analysis, only SNP loci that the mother was heterozygous and the father was
homozygous were used. In other embodiments, when the inheritance of paternal haplotype is
determined, SNP loci that both the mother and father are heterozygous can also be used for

RHDO analysis.
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[0163] In this analysis, a likelihood ratio threshold was used to determine if the fractional
concentration determined using the Type o and Type B SNPs (a/p ratio) is most compatible with
which maternal haplotype inheritance pattern of the twin fetuses. For each case, a simulation
analysis was performed for the o/ ratio based on the fractional concentration of the two fetuses.
5,000 data points were generated in a binomial distribution to simulate sequence reads of the
distributions of fractional concentration of the shared alleles for Type o SNPs and Type  SNPs.
The distributions of the o/ ratio for the scenarios that (a) both fetuses have inherited the same
maternal haplotype, or (b) the two fetuses have inherited different maternal haplotypes were

determined.

[0164] FIGS. 14A and 14B show the distributions of the expected o/ ratio for Case 1 and
Case 2, respectively. Based on the expected distributions of the o/ ratio for the two possible
inheritance patterns, a cutoff amount was determined to distinguish whether the two fetuses have
inherited the same or different maternal haplotypes. In this particular example, an odds ratio of
1200 was used for calculating the upper and lower cutoff values. An o/P ratio greater than the
upper cutoff values suggests that the two fetuses have inherited the same maternal haplotype and
an o/ ratio smaller than the lower cutoff values suggests that the two fetuses have inherited two
different maternal haplotypes. For Case 1, the upper and lower cutoff values deduced from the
simulation analysis are 1.113 and 1.098, respectively. For Case 2, the upper and lower cutoff

values deduced from the simulation analysis are 1.170 and 1.158, respectively.

[0165] FIG. 15 is a table 1500 showing the RHDO analysis of a chromosomal segment on the
long arm of chromosome 4 for Case 1. As the statistical power of this analysis is dependent on
the number of sequenced reads analyzed, 5,000 was used as a threshold requirement for the
number of sequenced reads in the classification block. In other words, the number of SNPs in
each RHDO classification block would be variable and the total sequenced reads of these SNP
loci in the analysis would be more than 5,000. For the first RHDO classification block, the o/f3
ratio was determined as 0.97837 which was smaller than the lower cutoff value, 1.098, deduced

from the simulation analysis.
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[0166] This result is that that the two fetuses had inherited two different maternal haplotypes
for this region. SNPs that are downstream of the first classification block were used for further
RHDO analysis and the result was suggestive of the inheritance of different maternal haplotypes
by the two fetuses. A total of 9 RHDO classification blocks within this region showed the same

conclusion. These results were confirmed to be correct by the genotype results of the two fetuses.

[0167] FIG. 16 is a table 1600 showing the RHDO analysis of a chromosomal segment on the
long arm of chromosome 4 for Case 2. For the RHDO classification block 1, the o/p ratio was
determined as 1.299, which is larger than the upper cutoff value, 1.170, deduced from the

simulation analysis.

[0168] This result indicates that that the two fetuses had inherited the same maternal
haplotypes for this region. In addition, the fractional concentration determined using the Type a
SNPs was higher than the fractional concentration determined using the Type B SNPs. This
indicates that the two fetuses had inherited the maternal Hap I (FIG. 10A).

[0169] SNPs that are downstream of the regions in the first classification block were used for
further RHDO analysis and a total of nine RHDO classification blocks within this region show
the same conclusion. These results were confirmed to be correct by the genotype results of the

two fetuses.

VII. COMPUTER SYSTEM

[0170] Any of the computer systems mentioned herein may utilize any suitable number of
subsystems. Examples of such subsystems are shown in FIG. 17 in computer apparatus 10. In
some embodiments, a computer system includes a single computer apparatus, where the
subsystems can be the components of the computer apparatus. In other embodiments, a
computer system can include multiple computer apparatuses, each being a subsystem, with

internal components.

[0171] The subsystems shown in FIG. 17 are interconnected via a system bus 75. Additional

subsystems such as a printer 74, keyboard 78, storage device(s) 79, monitor 76, which is coupled

to display adapter 82, and others are shown. Peripherals and input/output (I/0) devices, which
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couple to I/O controller 71, can be connected to the computer system by any number of means
known in the art such as input/output (I/0) port 977 (e.g., USB, FireWire™). For example, I/O
port 77 or external interface 81 (e.g. Ethernet, Wi-F1i, etc.) can be used to connect computer
system 10 to a wide area network such as the Internet, a mouse input device, or a scanner. The
interconnection via system bus 75 allows the central processor 73 to communicate with each
subsystem and to control the execution of instructions from system memory 72 or the storage
device(s) 79 (e.g., a fixed disk, such as a hard drive or optical disk), as well as the exchange of
information between subsystems. The system memory 72 and/or the storage device(s) 79 may
embody a computer readable medium. Any of the data mentioned herein can be output from one

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

[0172] A computer system can include a plurality of the same components or subsystems, e.g.,
connected together by external interface 81 or by an internal interface. In some embodiments,
computer systems, subsystem, or apparatuses can communicate over a network. In such
instances, one computer can be considered a client and another computer a server, where each
can be part of a same computer system. A client and a server can each include multiple systems,

subsystems, or components.

[0173] It should be understood that any of the embodiments of the present invention can be
implemented in the form of control logic using hardware (e.g. an application specific integrated
circuit or field programmable gate array) and/or using computer software with a generally
programmable processor in a modular or integrated manner. As used herein, a processor
includes a multi-core processor on a same integrated chip, or multiple processing units on a
single circuit board or networked. Based on the disclosure and teachings provided herein, a
person of ordinary skill in the art will know and appreciate other ways and/or methods to
implement embodiments of the present invention using hardware and a combination of hardware

and software.

[0174] Any of the software components or functions described in this application may be
implemented as software code to be executed by a processor using any suitable computer

language such as, for example, Java, C, C++, C# or scripting language such as Perl or Python
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using, for example, conventional or object-oriented techniques. The software code may be
stored as a series of instructions or commands on a computer readable medium for storage and/or
transmission, suitable media include random access memory (RAM), a read only memory
(ROM), a magnetic medium such as a hard-drive or a floppy disk, or an optical medium such as
a compact disk (CD) or DVD (digital versatile disk), flash memory, and the like. The computer

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

[0175] Such programs may also be encoded and transmitted using carrier signals adapted for
transmission via wired, optical, and/or wireless networks conforming to a variety of protocols,
including the Internet. As such, a computer readable medium according to an embodiment of the
present invention may be created using a data signal encoded with such programs. Computer
readable media encoded with the program code may be packaged with a compatible device or
provided separately from other devices (e.g., via Internet download). Any such computer
readable medium may reside on or within a single computer product (e.g. a hard drive, a CD, or
an entire computer system), and may be present on or within different computer products within
a system or network. A computer system may include a monitor, printer, or other suitable

display for providing any of the results mentioned herein to a user.

[0176] Any of the methods described herein may be totally or partially performed with a
computer system including one or more processors, which can be configured to perform the steps.
Thus, embodiments can be directed to computer systems configured to perform the steps of any
of the methods described herein, potentially with different components performing a respective
steps or a respective group of steps. Although presented as numbered steps, steps of methods
herein can be performed at a same time or in a different order. Additionally, portions of these
steps may be used with portions of other steps from other methods. Also, all or portions of a step
may be optional. Additionally, any of the steps of any of the methods can be performed with

modules, circuits, or other means for performing these steps.

[0177] The specific details of particular embodiments may be combined in any suitable

manner without departing from the spirit and scope of embodiments of the invention. However,
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other embodiments of the invention may be directed to specific embodiments relating to each

individual aspect, or specific combinations of these individual aspects.

[0178] The above description of exemplary embodiments of the invention has been presented
for the purposes of illustration and description. It is not intended to be exhaustive or to limit the
invention to the precise form described, and many modifications and variations are possible in
light of the teaching above. The embodiments were chosen and described in order to best
explain the principles of the invention and its practical applications to thereby enable others
skilled in the art to best utilize the invention in various embodiments and with various

modifications as are suited to the particular use contemplated.

[0179] A recitation of "a", "an" or "the" is intended to mean "one or more" unless specificall
p y

indicated to the contrary.

[0180] All patents, patent applications, publications, and descriptions mentioned here are

incorporated by reference in their entirety for all purposes. None is admitted to be prior art.
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WHAT IS CLAIMED I8S:
1. A method of determining inheritance of maternal haplotypes in two

fetuses of a female fertilized by a male, the method comprising:

identifying a first group of one or more first loci on a first chromosome, wherein
the female is heterozygous for a respective first allele and a respective second allele at each first
locus, a first maternal haplotype having the first alleles and a second maternal haplotype having
the second alleles;

determining that the two fetuses inherit the respective first alleles at the first loci
from the male;

identifying a second group of one or more second loci on the first chromosome,
wherein the first maternal haplotype has a respective third allele and the second maternal
haplotype has a respective fourth allele at each second locus of the second group, and

determining that the two fetuses inherit the respective third alleles at the second
loci from the male;

measuring a first amount of the respective first alleles and a second amount of the
respective second alleles that are present at the first loci in DNA fragments of a biological
sample from the female, the biological sample including cell-free DNA of the female and the two
fetuses;

measuring a third amount of the respective third alleles and a fourth amount of the
respective fourth alleles that are present at the second loci in DNA fragment of the biological
sample; and

determining inheritance of maternal haplotypes in the two fetuses by:

(1) identifying both fetuses as having inherited the first maternal haplotype
when the first amount is statistically higher than the second amount and the third amount is
statistically equal to the fourth amount,

(11) identifying both fetuses as having inherited the second maternal haplotype
when the first amount is statistically equal to the second amount and the fourth amount is

statistically higher than the third amount, or
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(ii1)  identifying one of the fetuses as inheriting the first maternal haplotype and
the other fetus as inheriting the second maternal haplotype when the first amount is statistically
higher than the second amount and when the fourth amount is statistically higher than the third

amount.

2. The method of claim 1, further comprising:
determining that the first amount is statistically higher than the second amount
and that the third amount is statistically equal to the fourth amount by:
computing a first ratio of the first amount and the second amount;
computing a second ratio of the third amount and the fourth amount;
computing a third ratio of the first ratio and the second ratio; and

comparing the third ratio to a cutoff value.

3. The method of claim 1, further comprising:
determining that the first amount is statistically higher than the second amount
and that the fourth amount is statistically higher than the third amount by:
computing a first ratio of the first amount and the second amount;
computing a second ratio of the fourth amount and the third amount;
computing a third ratio of the first ratio and the second ratio; and

comparing the third ratio to a cutoff value.

4. The method of claim 1, wherein the comparison of the third ratio to the

cutoff value determines whether the third ratio is statistically equal to one.

5. The method of claim 1, wherein identifying the first group of one or more
first loci on a first chromosome includes detecting the respective first and second alleles in the

biological sample.

6. The method of claim 1, wherein the male is homozygous for the respective
first allele at each first locus of the first group, and the male is homozygous for the respective

fourth alleles at each second locus of the second group.
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7. The method of claim 1, wherein measuring the first amount of the
respective first alleles and the second amount of the respective second alleles includes:
at each first locus:
determining a ratio of a first number of DNA fragments having the respective
first allele and a second number of DNA fragments having the respective second allele; and

determining an average ratio of the ratios.

8. The method of claim 7, further comprising:
determining the first amount is statistically higher than the second amount by

comparing the average ratio to a cutoff value.

9. The method of claim 1, further comprising:
determining the first amount is statistically higher than the second amount by:
calculating a first parameter from the first amount and the second amount; and
comparing the first parameter to a cutoff.
10. The method of claim 1, wherein one or more of the first alleles, one or
more of the second alleles, one or more of the third alleles and/or one or more of the fourth

alleles are linked to a phenotype of interest.

11. The method of claim 1, wherein one or more of the second alleles and/or
one or more of the fourth alleles is linked to an autosomal dominant disease or disease

susceptibility.

12. The method of claim 1, wherein one or more of the first alleles and/or one
or more of the second alleles is linked to an autosomal recessive disease or disease

susceptibility.

13. The method of claim 1, wherein one or more of the third alleles and/or one

or more of the fourth alleles is linked to an autosomal recessive disease or disease susceptibility.

14. A method of determining inheritance of maternal haplotypes in two

fetuses of a female fertilized by a male, the method comprising:
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identifying a first group of one or more first loci on a first chromosome, wherein
the female is heterozygous for a respective first allele and a respective second allele at each first
locus, a first maternal haplotype having the first alleles and a second maternal haplotype having
the second alleles;

determining that the two fetuses inherit the respective first alleles at the first loci
from the male;

measuring a first amount of the respective first alleles and a second amount of the
respective second alleles that are present at the first loci in DNA fragments of a biological
sample from the female, the biological sample including cell-free DNA of the female and the two
fetuses;

calculating a ratio of the first amount and the second amount;

determining inheritance of maternal haplotypes in the two fetuses by:

(1) identifying both fetuses as having inherited the first maternal haplotype
when the ratio is greater than a first cutoff,

(11) identifying both fetuses as having inherited the second maternal haplotype
when the ratio is less than a second cutoff, or

(i1)  identifying one of the fetuses as inheriting the first maternal haplotype and
the other fetus as inheriting the second maternal haplotype when the ratio is less than a third
cutoff and greater than a fourth cutoff, the third cutoff being less than or equal to the first cutoff,
and the fourth cutoff being greater than or equal to the second cutoff and less than the third
cutoff.

15. The method of claim 14, wherein calculating the ratio of the first amount
and the second amount includes:

for each first locus, calculating respective ratios of an amount of the respective
first allele and an amount of the respective second allele; and

computing the ratio based on the respective ratios.

16. The method of claim 15, wherein ratio based on the respective ratios

includes computing an average or median of the respective ratios.
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17. The method of claim 14, wherein the female is pregnant with three fetuses,
and wherein determining inheritance of maternal haplotypes in the two fetuses further includes:
identifying the three fetuses as being heterozygous at the one or more first loci
when the first amount is statistically equal to the second amount,
when the ratio is less than the third cutoff and greater than the fourth cutoff,
identifying that two fetuses are heterozygous and one fetus is homozygous for the first alleles
at the one or more first loci, or
when the ratio is greater than the first cutoff and less than a fifth cutoff,
identifying that two fetuses are homozygous for the first alleles and one fetus is heterozygous
at the one or more first loci, or
when the ratio is greater than the fifth cutoff, identifying that all three fetuses

are homozygous for the first alleles.

18. The method of claim 14, wherein one or more of the first alleles in the first
group are linked to a condition or susceptibility, the method further comprising:
determining whether both, none, or one of the fetuses have inherited the condition

or susceptibility based on the inheritance of the haplotypes.

19. The method of claim 14 , wherein the female has a haplotype linked to an
autosomal recessive condition or susceptibility, and one or both of the fetuses are determined to

be carriers of the condition or susceptibility.

20. A method of determining inheritance of maternal haplotypes in two
fetuses of a female fertilized by a male, the method comprising:

identifying a first group of one or more first loci on a first chromosome, wherein
the female is heterozygous for a respective first allele and a respective second allele at each first
locus, a first maternal haplotype having the first alleles and a second maternal haplotype having
the second alleles;

determining that the two fetuses inherit the respective first alleles at the first loci

from the male;
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identifying a second group of one or more second loci on the first chromosome,
wherein the first maternal haplotype has a respective third allele and the second maternal
haplotype has a respective fourth allele at each second locus of the second group, and

determining that the two fetuses inherit the respective fourth alleles at the second
loci from the male;

calculating a first ratio of a first amount of the respective first alleles and a second
amount of the respective second alleles that are present at the first loci in DNA fragments of a
biological sample from the female, the biological sample including cell-free DNA of the female
and the two fetuses;

calculating a second ratio of a third amount of the respective third alleles and a
fourth amount of the respective fourth alleles that are present at the second loci in DNA fragment
of the biological sample, wherein the first, second, third, and fourth amounts are obtained from a
measurement of the biological sample;

calculating a third ratio of the first and second ratio;

determining inheritance of maternal haplotypes in the two fetuses by:

(1) identifying both fetuses as having inherited the first maternal haplotype
when the third ratio is greater than a first cutoff,

(11) identifying both fetuses as having inherited the second maternal haplotype
when the third ratio is less than a second cutoff, the first cutoff being larger than the second
cutoff, or

(ii1)  identifying one of the fetuses as inheriting the first maternal haplotype and
the other fetus as inheriting the second maternal haplotype when the third ratio is less than a third
cutoff and greater than a fourth cutoff, the third cutoff being less than or equal to the first cutoff,
and the fourth cutoff being greater than or equal to the second cutoff and less than the third
cutoff.

21.  The method of claim 20, wherein the third cutoff is equal to the first cutoff,

and the fourth cutoff is equal to the second cutoff.

22. The method of claim 20, further comprising:
determining that the third ratio is greater than a first cutoff by:

comparing the third ratio to one; and
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when the third ratio is greater than one, comparing the third ratio to the first

cutoff.

23. The method of claim 20, further comprising:
determining that the third ratio is less than a third cutoff and greater than a fourth
cutoff by:

determining that the third ratio is statistically equal to one.

24, The method of claim 20, further comprising:

determining a first fractional fetal DNA percentage a% contributed by a first fetus
and a second fractional fetal DNA percentage b% contributed by a second fetus,

wherein the first, second, third, and fourth cutoffs are determined based on a%

and b%.

25. The method of claim 24, wherein the first cutoff discriminates between

(1+2%+b%)/1 and (50%+a%/2)/(50%+b%/2).

26. The method of claim 24, wherein the second cutoff discriminates between

1/(1+a%+b%) and (50%+a%/2)/(50%+b%/2).

27. The method of claim 20, wherein step (i) includes determining whether the
first ratio is statistically higher than the second ratio, wherein step (ii) includes determining
whether second ratio is statistically higher than the first ratio, and wherein step (iii) includes

determining that the first ratio and the third ratio are statistically equal.

28. A method of determining inheritance of maternal haplotypes in two
fetuses of a female fertilized by a male, the method comprising:

identifying a first group of one or more first loci on a first chromosome, wherein
the female is heterozygous for a respective first allele and a respective second allele at each first
locus, a first maternal haplotype having the first alleles and a second maternal haplotype having

the second alleles, and wherein the male is heterozygous at the first loci;
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measuring a first amount of the respective first alleles that are present at the first
loci in DNA fragments of a biological sample from the female, the biological sample including
cell-free DNA of the female and the two fetuses;

measuring a second amount of DNA fragments of the biological sample that are
from the first loci;

calculating a ratio of the first amount and the second amount;

determining inheritance of maternal haplotypes in the two fetuses by:

(1) identifying both fetuses as having inherited the first maternal haplotype
when the ratio is greater than a first cutoff; and

(11) identifying both fetuses as having inherited the second maternal haplotype

when the ratio is less than a second cutoff.

29. The method of claim 28, wherein a first paternal haplotype has the first

alleles and a second maternal haplotype has the second alleles.

30. The method of claim 29, wherein determining inheritance of maternal
haplotypes in the two fetuses includes:
when the ratio is statistically equal to 50%, identifying two possibilities of:
both fetuses are heterozygous at the one or more first loci, or
one fetus is homozygous for the first alleles and the other fetus is homozygous

for the second alleles.

31. The method of claim 29, wherein determining inheritance of maternal
haplotypes in the two fetuses includes:

identifying that one fetus is homozygous for the second alleles and the other fetus
is heterozygous at the one or more first loci when the ratio is greater than the second cutoff and

less than a third cutoff, the third cutoff being less than the first cutoff.

32. The method of claim 31, wherein determining inheritance of maternal
haplotypes in the two fetuses includes:

identifying that one fetus is homozygous for the first alleles and the other fetus is
heterozygous at the one or more first loci when the ratio is less than the first cutoff and greater

than a fourth cutoff, the fourth cutoff being greater than the third cutoff.
49



10

15

20

25

50

WO 2014/139477 PCT/CN2014/073506

33. The method of claim 28, wherein a first paternal haplotype has respective

third alleles and a second paternal haplotype has respective fourth alleles.

34. The method of claim 33, wherein determining inheritance of maternal
haplotypes in the two fetuses includes:
when the ratio is less than the first cutoff and greater than the second cutoff,
identifying possibilities of:
one fetus is heterozygous for the first alleles and either of the third or fourth
alleles, and
the other fetus is heterozygous for the second alleles and either of the third or

fourth alleles.

35. A method of determining inheritance of paternal haplotypes in two fetuses
of a female fertilized by a male, the method comprising:

identifying a first group of one or more first loci on a first chromosome, wherein
the male is heterozygous for a respective first allele and a respective second allele at each first
locus, a first paternal haplotype having the first alleles and a second paternal haplotype having
the second alleles, and wherein the female is homozygous for the second alleles;

measuring a first amount of the respective first alleles that are present at the first
loci in DNA fragments of a biological sample from the female, the biological sample including
cell-free DNA of the female and the two fetuses;

normalizing the first amount to obtain a normalized first amount;

comparing the normalized first amount to one or more cutoffs;

determining whether one fetus, both fetuses, or none of the fetuses inherited the

first paternal haplotype based on the comparison.

36.  The method of claim 35, further comprising:
determining a fetal DNA percentage in the biological sample from one or both of
the two fetuses; and

determining the one or more cutoffs based on the fetal DNA percentage.

37. The method of claim 35, wherein the normalized first amount is compared

to a first cutoff and a second cutoff, wherein none of the fetuses are determined to have inherited
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the first paternal haplotype when the normalized first amount is less than the second cutoff value,
wherein one of the fetuses are determined to have inherited the first paternal haplotype when the
normalized first amount is greater than the second cutoff and less than the first cutoff, and
wherein both of the fetuses are determined to have inherited the first paternal haplotype when the

normalized first amount is greater than the first cutoff.

38. The method of claim 35, wherein normalizing the first amount to obtain a
normalized first amount includes:

measuring a second amount of the respective second alleles that are present at the
first loci in DNA fragments of the biological sample; and

calculating a ratio of the first amount to the second amount to obtain the

normalized first amount.

39. The method of claim 38, wherein the ratio is of the first amount divided by

a sum of the first amount and the second amount.

40. The method of claim 35, wherein determining whether one fetus, both
fetuses, or none of the fetuses inherited the first paternal haplotype based on the comparison
includes:

identifying only one of the fetuses as having inherited the haplotype if the
normalized first amount is statistically above zero but below a first cutoff; or

identifying both fetuses as having inherited the haplotype if the normalized first

amount is above a second cutoff value.

41. The method of claim 35, further comprising:

identifying a second group of one or more second loci on the first chromosome,
wherein the male is heterozygous for a respective third allele and a respective fourth allele at
cach second locus, the first paternal haplotype having the third alleles and the second paternal
haplotype having the fourth alleles, and wherein the female is homozygous for the third alleles;

measuring a second amount of the respective fourth alleles that are present at the
second loci in DNA fragments of the biological sample;

normalizing the second amount to obtain a normalized second amount;

comparing the normalized second amount to one or more cutoffs;
51



10

15

20

25

52

WO 2014/139477 PCT/CN2014/073506

determining whether one fetus, both fetuses, or none of the fetuses inherited the

second paternal haplotype based on the comparison.

42. The method of claim 41, further comprising:
using the determination of inheritance for the first and second paternal haplotypes
to make a determination of whether one fetus, both fetuses, or none of the fetuses inherited the

first and second paternal haplotypes.

43. The method of claim 35, wherein one or more of the first alleles and/or

one or more of the second alleles is linked to a phenotype of interest.

44.  The method of claim 35, wherein the phenotype of interest is a disease or

disease susceptibility.

45. The method of claim 35, wherein the first paternal haplotype is linked to
an autosomal recessive condition or susceptibility, and one or both of the fetuses are determined

to be carriers of the condition or susceptibility.

46. The method of any preceding claim, wherein the biological sample is

plasma.

47. The method of any preceding claim, wherein a step of measuring

comprises sequencing DNA present in the biological sample.

48. A computer program product comprising a computer readable medium
storing a plurality of instructions for controlling a computer system to perform an operation, the

instructions comprising a method according to any of the above method claims.

49. A system comprising one or more processors configured to perform a

method according to any of claims of the above method claims.

50. The system of claim 49, further comprising an apparatus configured to

sequence DNA in a biological sample.
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