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METHODS OF NUCLEIC ACID SAMPLE PREPARATION
FOR IMMUNE REPERTOIRE SEQUENCING

RELATED APPLICATIONS
This application claims priority under 35 U.S.C. § 119(e) to U.S. Provisional Patent
Application No. 62/416,677, filed November 2, 2016, which 1s hereby incorporated by

reference 1n 1ts entirety.

TECHNICAL FIELD

The technology described herein relates to methods and compositions useful in the

preparation of nucleic acid molecules for analysis.

BACKGROUND

The adaptive immune system 1s composed of highly specialized, systemic cells and
processes aimed at eliminating or preventing pathogen growth. T cells and B cells may be
thought of as the principal cellular components of the adaptive immune system driving the
adaptive immune response by generating a wide diversity of antigen-binding molecules
through genetic recombination and somatic mutation of their antigen receptor loci. Immature
T and B-cells undergo selective processes to yield populations largely devoid of auto-
reactivity. Armed with this initial repertoire of antigen binding molecules (e.g., T cell
receptors and immunoglobulins), naive T and B cells circulate throughout the body where
they can come 1n contact with antigen.

Upon exposure to cognate antigen, and in conjunction with sufficient co-stimulatory
signals, antigen-specific T or B cells are activated and proliferate, and in the case of B cells,
may undergo further sequence editing of their immune receptor loci (e.g., through somatic
hypermutation and /or additional recombination).

As a result of these selective processes, the repertoire of binding specificities 1n an
individual sample can provide a history of past antigenic exposures, as well as being

informative of inherent repertoire capabilities and limitations.

SUMMARY
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Aspects of the technology disclosed herein relate to methods of preparing and
analyzing nucleic acids. Methods provided herein are useful, in some embodiments, for
detecting ultra-low frequency nucleic acid varants (e.g., splice variants, fusions, single
nucleotide variants, insertions and deletions, copy number variants, mRNAs from somatically
recombined immune receptor loci, and expression level variants) 1n nucleic acid preparations,
including sequences representative of an immune repertoire comprising a diverse landscape
of nucleic acid sequences encoding immune receptors and immunoglobulins. Methods
provided herein, in some embodiments, involve ligation-based capture that enriches for
nucleic acid molecules having nucleotide sequences corresponding to transcribed nucleic
acids that reflect previously occurring recombination and/or splicing events. In some
embodiments, unique molecule capture 1s vastly improved over conventional methods for
nucleic acids extracted from individuals, e.g., tumor bearing individuals or immune-
compromised individuals. In some embodiments, capture efficiency 1s at least doubled
compared with conventional methods for nucleic acids extracted from individuals, e.g., tumor
bearing individuals or immune-compromised individuals. In some embodiments, improved
depth 1s accomplished as a result of improved front-end capture chemistry.

In some embodiments, methods provided herein are useful for evaluating RNA
immune repertoires via sequencing. In some embodiments, methods and compositions useful
1n the preparation of nucleic acid samples for sequence analysis (e.g., using next-generating
sequencing) are provided herein. In some embodiments, techniques described herein are
related to methods of determining a nucleic acid sequence. In some embodiments, methods
and compositions described herein relate to the enrichment of nucleic acids comprising one
or more target nucleotide sequences prior to sequencing. In some aspects, the disclosure
provides methods of preparing nucleic acids (e.g., for use 1n a sequencing analysis) that
involve the use of a capture moiety modified primer to synthesize a first nucleic acid strand
or that involve adding one or more capture moiety modified nucleotides to a nucleic acid.

In some embodiments, the methods further involve ligating an adapter nucleic acid to
the nucleic acid to which the capture moiety modified primer has been used 1n synthesizing a
first strand of the nucleic acid to produce a ligation product. In some embodiments, the
methods further involve ligating an adapter nucleic acid to the nucleic acid to which the
capture moiety modified nucleotide has been added to produce a ligation product. In some

embodiments, the methods further involve capturing the ligation product by contacting the
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ligation product with a binding partner of a capture moiety of the capture moiety modified
primer or a binding partner of a capture moiety of the capture moiety modified nucleotide.

In some aspects, the disclosure provides methods of preparing nucleic acids for
analysis, 1n which the methods 1involve: (a) contacting a nucleic acid molecule comprising a
target nucleotide sequence with a capture moiety modified primer that specifically anneals to
the target nucleotide sequence under hybridization conditions; (b) conducting a first strand
synthesis reaction that 1s primed by a hybridized capture moiety modified primer and that
uses the nucleic acid molecule as a template; (¢) conducting a second strand synthesis
reaction that uses a product of the first strand synthesis reaction as a template to generate a
double-stranded nucleic acid comprising a capture moiety; (d) ligating an adapter nucleic acid
to the double-stranded nucleic acid to produce a ligation product comprising the capture
moiety; (e) capturing the ligation product by contacting the ligation product with a binding
partner of the capture moiety; and (f) amplifying the captured ligation product by polymerase
chain reaction using a target-specific primer that comprises a 3' portion that specifically
anneals to the target nucleotide sequence and a first adapter primer that specifically anneals to
a complementary sequence of the adapter nucleic acid, wherein the target-specific primer
comprises a 5’ tail portion that does not specifically anneal to the target nucleotide sequence.

In some embodiments, methods provided herein further comprise (g) amplifying an
amplification product of step (f) by polymerase chain reaction using a tail primer that
comprises a 3' portion that specifically anneals to a complementary sequence of the 5’ tail
portion of the target-specific primer and a second adapter primer that specifically anneals to a
complementary sequence of the adapter nucleic acid, wherein the tail primer comprises a 5’
portion that does not specifically anneal to a complementary sequence of the target-specific
primer. In some embodiments, the 5' portion of the tail primer comprises at least one of a
sample index region, a PCR primer binding region, a molecular barcode region, and a
sequencing primer site region. In some embodiments, the first adapter primer and the second
adapter primer are the same. For example, in some embodiments, the first and second
adapter primers consist of the same nucleotide sequence. In some embodiments, the first
adapter primer and the second adapter primer are different (e.g., consist of different
nucleotide sequences and/or comprise one or more different moieties). In some

embodiments, the second adapter primer 1s nested relative to the first adapter primer. In
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some embodiments, the second adapter primer 1s not nested relative to the first adapter
primer.

In some embodiments, step (d) comprises combining the adapter nucleic acid, the
double-stranded nucleic acid, and a ligase under conditions 1n which the ligase ligates the
adapter nucleic acid to the double-stranded nucleic acid, wherein the adapter nucleic acid that
1s combined with the double-stranded nucleic acid comprises a duplex portion and an
overhang sequence, wherein the overhang sequence comprises a nucleotide sequence that 1s
complementary to an overhang sequence at the 3’ end of the double stranded nucleic acid. In
some embodiments, the adapter nucleic acid comprises at least one of a sample index region,
a PCR primer binding region, a molecular barcode region (e.g., a region that uniquely
1dentifies input molecules), and a sequencing primer site region.

In some embodiments, step (d) comprises combining the adapter nucleic acid, the
double-stranded nucleic acid, and a ligase under conditions 1n which the ligase ligates the
adapter nucleic acid to the double-stranded nucleic acid, wherein the adapter nucleic acid that
1s combined with the double-stranded nucleic acid 1s single-stranded.

In some embodiments, the capture moiety modified primer comprises at least one
capture moiety modified nucleotide. In some embodiments, the capture moiety modified
primer comprises a first chemical coupling group configured to bind a second chemical
coupling group attached to a capture moiety. In some embodiments, the capture moiety 1s a
biotin moiety. In some embodiments, the biotin moiety comprises biotin-triethylene glycol,
bis-biotin, photocleavable biotin, desthiobiotin, desthiobiotin-triethylene glycol, or biotin
azide. In some embodiments, the binding partner of the capture moiety 1s streptavidin. In
some embodiments, the streptavidin 1s attached to a substrate. In some embodiments, the
substrate comprises a solid surface. In some embodiments, the solid surface comprises a
paramagnetic bead.

In some embodiments, methods described herein further comprise a step of releasing
the captured ligation product from the binding partner of the capture moiety. In some
embodiments, the captured ligation product 1s released from the binding partner of the
capture moiety by contacting with a chemical reagent and/or applying heat. In some
embodiments, the chemical reagent 1s a base or basic solution. In some embodiments, the
chemical reagent comprises sodium hydroxide (NaOH). It should be appreciated that, in

some embodiments, contacting can involve mixing two solutions (e.g., a solution comprising
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a base and a solution comprising a washed immobilized nucleic acid), adding a solid to a
solution, or adding a solution to a solid. In some embodiments, the captured ligation product
1s released from the binding partner of the capture moiety by contacting with NaOH and
heating (e.g., heating to above room temperature, such as a temperature 1n a range of 25 to 90
°C, 251070 °C, 25t0 50 °C, 35t0 65 °C, 35t045 °C, 30 to 40 °C, 40 to 50 °C). In some
embodiments, the captured ligation product remains bound to the binding partner of the
capture moiety, e.g., for further preparation for analysis. In some embodiments, the captured
ligation product 1s released from the binding partner of the capture moiety prior to further
preparation for analysis.

In some embodiments, methods provided herein further comprise a washing step after
step (d) and prior to step (e).

In some embodiments, methods provided herein further comprise, after step (e) and
prior to step (f): 1) immobilizing the double-stranded nucleic acid, which comprises the
capture moiety, on a paramagnetic substrate; and 11) washing the immobilized double-
stranded nucleic acid. In some embodiments, methods provided herein further comprise,
after step 11): 111) releasing the washed immobilized double-stranded nucleic acid from the
paramagnetic substrate.

In some embodiments, methods provided herein further comprise, after step (¢) and
prior to step (d), 5’ phosphorylating the double-stranded nucleic acid. In some embodiments,
5" phosphorylating comprises generating a phosphate group at a 5’ end of a strand of the
double-stranded nucleic acid. For example, in some embodiments, a phosphate group can be
added to a hydroxyl group at the 5’ end of the strand (e.g., via the action of a polynucleotide
kinase).

In some embodiments, methods provided herein further comprise, after step (¢) and
prior to step (d), end repairing the double-stranded nucleic acid to produce a blunt-ended,
double-stranded nucleic acid. In some embodiments, end repair comprises blunt-ending. In
some embodiments, blunt-ending 1s achieved by removing terminal unpaired nucleotides
(e.g., an overhang sequence) from a strand of the double-stranded nucleic acid. For example,
1n some embodiments, terminal unpaired nucleotides may be removed from a strand of a
double-stranded nucleic acid by using an enzyme (e.g., Klenow fragment) with exonuclease
activity (e.g., to hydrolyze a terminal phosphodiester bond, thereby removing the overhang

one base at a time). In some embodiments, blunt-ending 1s achieved by filling 1in a recessed
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terminus with a polymerizing enzyme (e.g., a DNA polymerase) in the presence of nucleotide
triphosphates.

In some embodiments, methods provided herein further comprise adding (e.g.,
ligating, tailing) one or more nucleotides to a 3’ end of the blunt-ended, double-stranded
nucleic acid. In some embodiments, the one or more nucleotides comprise deoxyadenosine
nucleotides. For example, in some embodiments, the methods further comprise dA-tailing a
3" end of the double-stranded nucleic acid (e.g., using Klenow fragment). In some
embodiments, the adapter nucleic acid comprises a nucleotide sequence at a 3’ end
comprising one or more nucleotides complementary to the one or more nucleotides added to
the 3’ end of the blunt-ended, double-stranded nucleic acid. In some embodiments, the
nucleotide sequence at the 3’ end of the adapter nucleic acid comprises one or more
deoxythymidine nucleotides. In some embodiments, the adapter nucleic acid further
comprises a blocking strand annealed to an amplification strand that comprises the nucleotide
sequence at the 3' end, and wherein the nucleotide sequence at the 3' end 1s unpaired such that
1t forms an overhang sequence.

In some embodiments, the methods further comprise, after end repair: 1) immobilizing
the double-stranded nucleic acid, which comprises the capture moiety, on a paramagnetic
substrate; 11) washing the immobilized double-stranded nucleic acid; and 111) releasing the
washed immobilized double-stranded nucleic acid from the paramagnetic substrate.

In some embodiments, the methods further comprise, after end repair: 1) immobilizing
the double-stranded nucleic acid, which comprises the capture moiety, on a paramagnetic
substrate; and 11) washing the immobilized double-stranded nucleic acid. In some
embodiments, the methods further comprise a washing step after end repair and prior to step
1).

In some embodiments, methods provided herein further comprise: (h) immobilizing
an amplification product of step (g) on a paramagnetic substrate; (1) washing the immobilized
amplification product; and (j) releasing the washed immobilized amplification product from
the paramagnetic substrate. In some embodiments, the method further comprises a washing
step after step (g) and prior to step (h).

In some embodiments, 1n step (d), the double-stranded nucleic acid 1s ligated to the

adapter nucleic acid 1n the presence of a crowding agent. In some embodiments, the
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crowding agent 1s polyethylene glycol in an amount representing 5 % to 50 % of a ligation
mixture.

In some embodiments, methods provided herein further comprise, after step (b) and
prior to step (c), contacting the nucleic acid molecule with a ribonuclease enzyme. In some
embodiments, the ribonuclease enzyme degrades portions of the nucleic acid molecule such
that fragments remain annealed to the product of the first strand synthesis reaction. In some
embodiments, the second strand synthesis reaction 1s primed by a fragment of the nucleic
actd molecule hybridized to the product of the first strand synthesis reaction.

In some embodiments, the second strand synthesis 1s randomly primed using a
plurality of random primers. In some embodiments, the plurality of random primers are
between 6 bases 1n length and 15 bases 1n length.

In some embodiments, the nucleic acid molecule comprises mRNA. In some
embodiments, the nucleic acid molecule 1s obtained from a sample comprising a T cell, a B
cell, or a mixture thereof. In some embodiments, the sample comprises one or more T cells,
one or more B cells, or a mixture thereof. In some embodiments, the sample comprises a
mixture of T cells and B cells. In some embodiments, the mixture of T cells and B cells
further comprises one or more non-blood cell types. In some embodiments, the mixture of T
cells and B cells further comprises one or more types of leukocytes (e.g., neutrophils,
eosinophils, basophils, natural killer (NK) cells, monocytes, histiocytes, dendritic cells, mast
cells, microglia, etc.).

In some embodiments, the sample 1s obtained from a subject having, or suspected of
having, a T cell malignancy or a B cell malignancy. In some embodiments, the sample 1s
obtained from a subject having, or suspected of having, lymphoma or leukemia (e.g., multiple
myeloma, acute lymphoblastic leukemia, or chronic lymphocytic leukemia). In some
embodiments, the sample 1s obtained from a subject having, or suspected of having, a solid
tumor (e.g., sarcoma, carcitnoma, lymphoma, or any tumor of non-lymphoid origin that may
or may not contain non-malignant immune cells). In some embodiments, the sample 1s
obtained from a subject that has undergone or will undergo transplantation. In some
embodiments, the sample 1s obtained from a subject whose immune response to a treatment 1s
being evaluated. In some embodiments, the sample 1s obtained from a subject having, or
suspected of having, a white blood cell malignancy. In some embodiments, the sample 1s

obtained from a subject having, or suspected of having, an autormmune condition. For
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example, in some embodiments, the immune condition 1s any condition driven by
autoreactive T cells, autoreactive B cells, or a combination thereof. In some embodiments,
the sample 1s obtained from a subject having, or suspected of having, a T cell malignancy
and/or a B cell malignancy (e.g., lymphoma and subtypes thereof, multiple myeloma, etc.) In
some embodiments, the sample 1s obtained from a subject having a solid tumor. In some
embodiments, the subject 1s a human. In some embodiments, the subject 1s a chordate. In
some embodiments, the nucleic acid molecule 1s obtained from a sample comprising a
leukocyte. In some embodiments, the target nucleotide sequence comprises a nucleotide
sequence corresponding to a portion of a T cell receptor (TCR) gene or a B cell receptor
(BCR) gene.

In some embodiments, the capture moiety modified primer comprises a nucleotide
sequence that 1s complementary to an immune receptor gene or an immunoglobulin gene. In
some embodiments, the capture moiety modified primer specifically anneals to a constant
region that 1s downstream of a complementarity determining region 3 (CDR3). In some
embodiments, the target-specific primer specifically anneals to a constant region or a J-
segment that 1S downstream of a CDR3. In some embodiments, the target-specific primer
specifically anneals to an exon-exon junction formed between a constant region and a J-
segment, and wherein the exon-exon junction 1s downstream of a CDR3.

In some aspects, the disclosure provides methods of preparing nucleic acids for
analysis, 1n which the methods 1involve: (a) contacting a nucleic acid molecule comprising a
known target nucleotide sequence and an unknown target nucleotide sequence with a capture
moiety modified primer that specifically anneals to the known target nucleotide sequence
under hybridization conditions; (b) conducting a first strand synthesis reaction that 1s primed
by a hybridized capture moiety modified primer and that uses the nucleic acid molecule as a
template; (c) conducting a second strand synthesis reaction that 1s primed by a fragment of
the nucleic acid molecule and that uses a product of the first strand synthesis reaction as a
template to generate a double-stranded nucleic acid comprising a capture moiety; (d) end
repairing the double-stranded nucleic acid to produce a blunt-ended, double-stranded nucleic
acid comprising the capture moiety; (e) ligating an adapter nucleic acid to the blunt-ended,
double-stranded nucleic acid to produce a ligation product, wherein the ligation product
comprises the unknown target nucleotide sequence flanked by the adapter nucleic acid and

the capture moiety; (f) capturing the ligation product by contacting the ligation product with
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an immobilized binding partner of the capture moiety; (g) amplifying the ligation product by
polymerase chain reaction using a target-specific primer that comprises a 3' portion that
specifically anneals to the known target nucleotide sequence and a first adapter primer that
specifically anneals to a complementary sequence of the adapter nucleic acid, wherein the
target-specific primer comprises a S’ tail portion that does not specifically anneal to the
known target nucleotide sequence; and (h) amplifying an amplification product of step (g) by
polymerase chain reaction using a tail primer that specifically anneals to a complementary
sequence of the 5’ tail portion of the target-specific primer and a second adapter primer that
specifically anneals to a complementary sequence of the adapter nucleic acid. In some
embodiments, methods described herein further comprise, after step (e) and prior to step (1),
washing the ligation product. In some embodiments, methods described herein further
comprise, after step (f) and prior to step (g), washing a captured ligation product. In some
embodiments, methods described herein further comprise (1) washing an amplification
product of step (h). In some embodiments, the second strand synthesis reaction of step (c)
may be primed by any nucleic acid fragment present in a sample comprising the nucleic acid
molecule. For example, in some embodiments, the sample comprises a complex mixture of
nucleic acids that are capable of dissociating from a complementary strand and re-annealing
to a different strand present within the mixture.

In some aspects, the disclosure provides methods of preparing nucleic acids for
analysis, 1n which the methods 1involve: (a) contacting a nucleic acid molecule comprising a
target nucleotide sequence with a first target-specific primer that specifically anneals to the
target nucleotide sequence under hybridization conditions; (b) conducting a first strand
synthesis reaction that 1s primed by a hybridized first target-specific primer and that uses the
nucleic acid molecule as a template; (¢) conducting a second strand synthesis reaction that 1s
primed by a hybridized fragment (e.g., a hybridized part or hybridized portion) of the nucleic
acid molecule and that uses a product of the first strand synthesis reaction as a template to
generate a double-stranded nucleic acid; (d) ligating an adapter nucleic acid to the double-
stranded nucleic acid to produce a ligation product; (e) amplifying the ligation product by
polymerase chain reaction using a second target-specific primer that comprises a 3’ portion
that specifically anneals to the target nucleotide sequence and a first adapter primer that
specifically anneals to a complementary sequence of the adapter nucleic acid, wherein the

second target-specific primer comprises a S’ tail portion that does not specifically anneal to
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the target nucleotide sequence; and (f) amplifying an amplification product of step (e) by
polymerase chain reaction using a tail primer that comprises a 3' portion that specifically
anneals to a complementary sequence of the 5’ tail portion of the second target-specific
primer and a second adapter primer that specifically anneals to a complementary sequence of
the adapter nucleic acid, wherein the tail primer comprises a 5’ portion that does not
specifically anneal to a complementary sequence of the second target-specific primer. In
some embodiments, the second strand synthesis reaction of step (¢) may be primed by any
nucleic acid fragment present 1n a sample comprising the nucleic acid molecule. For
example, in some embodiments, the sample comprises a complex mixture of nucleic acids
that are capable of dissociating from a complementary strand and re-annealing to a different
strand present within the mixture.

In some embodiments, the first target-specific primer comprises a capture moiety. In
some embodiments, methods provided herein further comprise, after step (d) and prior to step
(e), capturing the ligation product by contacting the ligation product with a binding partner of
the capture moiety.

In some embodiments, the first strand synthesis reaction 1s conducted using at least
one type of capture moiety modified nucleotide, and wherein the product of the first strand
synthesis reaction comprises at least one capture moiety. In some embodiments, methods
provided herein further comprise, after step (d) and prior to step (e), capturing the ligation
product by contacting the ligation product with an immobilized binding partner of the at least
one capture moiety.

In some embodiments, methods provided herein further comprise, after step (¢) and
prior to step (d), capturing the double-stranded nucleic acid by contacting the double-stranded
nucleic acid with an immobilized binding partner of the at least one capture moiety.

In some aspects, the disclosure provides methods of determining an immune
repertoire in a sample, in which the methods involve: (a) obtaining a sample comprising a
nucleic acid molecule encoding at least one of an immune receptor and an immunoglobulin;
(b) contacting the nucleic acid molecule from the sample with a first target-specific primer
that specifically anneals to a target nucleotide sequence of the nucleic acid molecule under
hybridization conditions; (¢) conducting a first strand synthesis reaction that 1s primed by a
hybridized first target-specific primer and that uses the nucleic acid molecule as a template;

(d) conducting a second strand synthesis reaction that uses a product of the first strand
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synthesis reaction as a template to generate a double-stranded nucleic acid; (e) ligating an
adapter nucleic acid to the double-stranded nucleic acid to produce a ligation product; and (f)
amplifying the ligation product by polymerase chain reaction using a second target-specific
primer that comprises a 3’ portion that specifically anneals to the target nucleotide sequence
and a first adapter primer that specifically anneals to a complementary sequence of the
adapter nucleic acid, wherein the second target-specific primer comprises a 5’ tail portion that
does not specifically anneal to the target nucleotide sequence; (g) amplifying an amplification
product of step (f) by polymerase chain reaction using a tail primer that comprises a 3’
portion that specifically anneals to a complementary sequence of the 5’ tail portion of the
second target-specific primer and a second adapter primer that specifically anneals to a
complementary sequence of the adapter nucleic acid, wherein the tail primer comprises a 5’
portion that does not specifically anneal to a complementary sequence of the second target-
specific primer; and (h) sequencing an amplification product of step (g) using a first and
second sequencing primer.

In some embodiments, the immune receptor comprises a TCR. In some
embodiments, the immunoglobulin comprises a BCR. In some embodiments, the target
nucleotide sequence corresponds to a genetically recombined sequence. In some
embodiments, the target nucleotide sequence corresponds to at least one of a TCR locus (e.g.,
TCRA, TCRB, TCRG, or TCRD). In some embodiments, the target nucleotide sequence
corresponds to at least one of a BCR locus (e.g., IGH, IGK, or IGL). In some embodiments,
the sample comprises a T cell, a B cell, or a mixture thereof. In some embodiments, the
sample 1s obtained from a subject. In some embodiments, the subject 1s a human. In some
embodiments, the subject 1s a rodent. For example, in some embodiments, the subject 1s a
mouse, a rat, a gerbil, a hamster, a guinea p1g, a chinchilla, a squirrel, or a humanized form of
any such rodent (e.g., a rodent expressing human TCRs and/or human BCRs).

In some aspects, the disclosure provides methods of preparing nucleic acids for
analysis, 1n which the methods 1involve: (a) contacting a nucleic acid molecule comprising a
target nucleotide sequence with a first target-specific primer that specifically anneals to the
target nucleotide sequence under conditions to generate a primer-hybridized nucleic acid
molecule; (b) contacting the primer-hybridized nucleic acid molecule with a plurality of types
of nucleotides for incorporation into a first strand that 1s complementary to the nucleic acid

molecule, wherein at least one of the plurality of types of nucleotides comprises a capture
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moiety; (¢) conducting a first strand synthesis reaction that 1s primed by the first target-
specific primer of the primer-hybridized nucleic acid molecule and that uses the nucleic acid
molecule of the primer-hybridized nucleic acid molecule as a template, wherein a product of
the first strand synthesis reaction comprises at least one capture moiety; (d) conducting a
second strand synthesis reaction that 1s primed by a fragment of the nucleic acid molecule
and that uses the product of the first strand synthesis reaction as a template to generate a
double-stranded nucleic acid comprising the at least one capture moiety; (e) ligating an
adapter nucleic acid to the double-stranded nucleic acid to produce a ligation product
comprising the at least one capture moiety; and (f) amplifying the ligation product by
polymerase chain reaction using a second target-specific primer that comprises a 3’ portion
that specifically anneals to the target nucleotide sequence and a first adapter primer that
specifically anneals to a complementary sequence of the adapter nucleic acid, wherein the
second target-specific primer comprises a S’ tail portion that does not specifically anneal to
the target nucleotide sequence. In some embodiments, the second strand synthesis reaction of
step (d) may be primed by any nucleic acid fragment present in a sample comprising the
nucleic acid molecule. For example, in some embodiments, the sample comprises a complex
mixture of nucleic acids that are capable of dissociating from a complementary strand and re-
annealing to a different strand present within the mixture.

In some embodiments, methods provided herein further comprise, after step (e) and
prior to step (f), capturing the ligation product by contacting the ligation product with an
immobilized binding partner of the capture moiety.

In some embodiments, methods provided herein further comprise, after step (d) and
prior to step (e), capturing the double-stranded nucleic acid by contacting the double-stranded
nucleic acid with an immobilized binding partner of the capture moiety.

In some aspects, the disclosure provides methods of preparing nucleic acids for
analysis, 1n which the methods involve: (a) contacting a nucleic acid molecule comprising a
target nucleotide sequence with a capture moiety modified primer that comprises a 3' portion
that specifically anneals to the target nucleotide sequence under hybridization conditions and
a 5' tail portion that does not specifically anneal to the target nucleotide sequence; (b)
conducting a first strand synthesis reaction that 1s primed by a hybridized capture moiety
modified primer and that uses the nucleic acid molecule as a template; (c) contacting a

product of the first strand synthesis reaction with a plurality of random primers under
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hybridization conditions, wherein each of the plurality of random primers comprises a non-
random 5’ tail portion comprising a common sequence; (d) conducting a second strand
synthesis reaction that 1s primed by at least one of the plurality of random primers and that
uses a product of the first strand synthesis reaction as a template to generate a double-
stranded nucleic acid comprising the capture moiety; (e) capturing the double-stranded
nucleic acid comprising the capture moiety by contacting the double-stranded nucleic acid
with a binding partner of the capture moiety; (f) amplifying the double-stranded nucleic acid
by polymerase chain reaction using a first tail primer and a first target-specific primer that
specifically anneals to the target nucleotide sequence, wherein the first tail primer comprises
a 3' portion that specifically anneals to a complement of the common sequence and a 5’ tail
portion that does not specifically anneal to a complement of the common sequence; and (g)
amplifying an amplification product of step (f) by polymerase chain reaction using a second
target-specific primer a second tail primer that specifically anneals to a complement of the 5’
tail portion of the first tail primer, wherein the second target-specific primer comprises a 3’
portion that specifically anneals to the target nucleotide sequence and a 5’ tail portion that

does not specifically anneal to the target nucleotide sequence.

Other advantages and novel features of the present disclosure will become apparent
from the following detailed description of various non-limiting embodiments of the invention
when considered 1n conjunction with the accompanying figures. In cases where the present
specification and a document incorporated by reference include conflicting and/or

inconsistent disclosure, the present specification shall control.

BRIEF DESCRIPTION OF THE DRAWINGS

Non-limiting embodiments of the present invention will be described by way of
example with reference to the accompanying figures, which are schematic and are not
intended to be drawn to scale. For purposes of clarity, not every component 1s labeled in
every figure, nor 1s every component of each embodiment of the invention shown where
1llustration 1s not necessary to allow those of ordinary skill in the art to understand the
invention. In the figures:

FIG. 1 1s an 1llustration of a strategy for preparing a nucleic acid molecule for analysis

using a capture moiety modified primer.
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FIG. 2 1s an illustration of a strategy for preparing a nucleic acid molecule for analysis
using capture moiety modified nucleotides.

FIG. 3 1llustrates a comparison of nucleic acid preparation strategies using either a
capture moiety modified primer or capture moiety modified nucleotides.

FIG. 4 1s an illustration showing clonotype overlap between replicates 1n relation to
input amount. The intersection of all samples yields sixty six overlapping clonotypes.

FIG. 5 1s a chart illustrating that pairwise analysis of replicate samples demonstrates
the highly reproducible nature of the assay.

FIGs. 6A and 6B depict a comparison between all clones (FIG. 6A) and overlapping
clones (FIG. 6B).

FIG. 7 illustrates that input quantity drives complexity and diversity of observation,
with diversity in relation to sample size depicted at top and a chart depicting Shannon
diversity index shown at bottom.

FIG. 8 1s a graph demonstrating highly reproducible and quantitative clone tracking.

FIG. 9 illustrates that clonal tracking across dilutions 1s highly reproducible between
independent laboratories.

FIG. 10 1s a graph depicting intra-laboratory reproducibility using a Jurkat sample
dilution series.

FIG. 11 1s a graph depicting inter-laboratory reproducibility using the Jurkat sample
dilution series.

FIG. 12 1s a schematic, not shown to scale, that generally depicts T cell receptor
primer locations.

FIG. 13 1s a schematic, not drawn to scale, that generally depicts immunoglobulin
heavy chain (IgH) primer locations.

FIG. 14 1s a schematic showing the structure of a reverse transcriptase (RT) primer.

DETAILED DESCRIPTION
Among other aspects, the present disclosure provides improved techniques related to
the preparation of nucleic acid libraries for immune repertoire analysis. As described herein,
a target nucleic acid molecule (e.g., mRNA) comprising a known target nucleotide sequence
1s contacted with a target-specific primer and extended 1n a first strand synthesis reaction

using the nucleic acid molecule as a template. In some embodiments, the first strand
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synthesis reaction may be conducted such that a product of the first strand synthesis reaction
comprises a capture moiety, and a binding partner of the capture moiety can be used to
capture (e.g., 1solate) the product. Accordingly, aspects of the disclosure provide techniques
useful for enriching for the product of the first strand synthesis that 1s complementary to the
initial input comprising the target nucleic acid molecule (e.g., mRNA).

In some aspects, the disclosure relates to the recognition that incorporation of a
capture moiety 1nto a first strand synthesized from a target nucleic acid molecule (e.g., RNA)
during library preparation minimizes the presence of non-target nucleic acids during
enrichment for nucleic acids comprising a target nucleotide sequence. This may be
particularly advantageous when preparing nucleic acid libraries for immune repertoire
sequencing. For example, although TCR and BCR genomic sequences will be present 1n all
cells, the TCR and BCR mRNA will only be expressed in T cells and B cells, respectively.
Evaluation of the immune repertoire relies on analyzing these genes after processing (e.g.,
recombination, splicing, etc.) to evaluate the sequence landscape present 1n a system.
Accordingly, in some embodiments, techniques provided herein permit selective capture of
mRNAs expressed from recombined immune loci. For example, as described herein, when a
first strand 1s synthesized directly from a target nucleic acid, the capture moiety allows for
enrichment of the desired product while minimizing non-target nucleic acid carryover.

In some aspects, the disclosure provides a method of preparing nucleic acids for
analysis, comprising synthesizing a first nucleic acid strand using a capture moiety modified
primer and a nucleic acid molecule comprising a target nucleotide sequence as a template,
ligating an adapter nucleic acid to the first nucleic acid strand, and capturing the adapter-
ligated first nucleic acid strand with a binding partner of the capture moiety.

In some embodiments, the capture moiety modified primer 1s a biotin moiety
modified primer. A depiction of this method 1s shown 1n FIG. 1, which provides a non-
l[imiting example of a method involving a biotin moiety modified primer. In this
embodiment, an RNA molecule (e.g., mRNA) 1s annealed with a DNA primer that 1s
modified to comprise a biotin moiety. The biotin moiety modified primer 1s extended 1n a
first strand synthesis reaction to generate a DNA/RNA hybrid. The RNA of the DNA/RNA
hybrid 1s subjected to degradation via the action of a ribonuclease, and the RNA fragments
that remain annealed to the DNA serve as primers 1n a second strand synthesis reaction to

generate a double-stranded cDNA. In some embodiments, the second strand synthesis
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reaction of may be primed by any nucleic acid fragment present in a sample comprising the
nucleic acid molecule. For example, in some embodiments, the sample comprises a complex
mixture of nucleic acids that are capable of dissociating from a complementary strand and re-
annealing to a different strand present within the mixture. The double-stranded cDNA 1s
subjected to end repair and dA-tailing to generate 3’ overhangs suitable for a ligation
reaction. Following ligation of an adapter nucleic acid to the double-stranded cDNA, these
library molecules are captured, or 1solated, from unligated adapter using a streptavidin-coated
substrate (e.g., a paramagnetic substrate).

In some embodiments, following the capture, a first round of PCR amplification of
the substrate-immobilized, captured adapter-ligated double-stranded cDNA 1s conducted. In
yet other embodiments, the captured adapter-ligated double-stranded cDNA 1s eluted from
the paramagnetic substrate prior to first round PCR. Elution of captured adapter-ligated
nucleic acids from paramagnetic substrates can be performed, by way of example and not
limitation, using a chemical reagent and/or heat. In some embodiments, the chemical reagent
1s a base (e.g., NaOH). In some embodiments, captured adapter-ligated double-stranded
cDNA 1s eluted with a low concentration (e.g., less than 1 M, less than 0.5 M, less than 0.1
M, less than 0.05 M, less than 0.01 M, less than 0.001 M, less than 0.0001 M) of NaOH. In
some embodiments, captured adapter-ligated double-stranded cDNA 1s eluted with a low
concentration of NaOH and heat.

The immobilized or eluted adapter-ligated double-stranded cDNA 1s subjected to a
first round of PCR amplification using a first adapter primer that anneals to a complement of
the adapter and a target specific primer that hybridizes to a target nucleotide sequence and
has a non-hybridized tail region comprising a common sequence. In this way, the first
adapter primer primes off of the strand generated by the target specific primer. A second
round of PCR amplification 1s conducted using a tail primer that anneals to a complement of
the common sequence and a second adapter primer that anneals to a complement of the
adapter. As shown, the tail primer includes an index 1 barcoded primer. In some
embodiments, the tail primer includes an index 2 barcoded primer. In some embodiments,
the adapter nucleic acid includes an index 1 primer and the tail primer includes an index 2
primer.

In some aspects, the disclosure provides a method of preparing nucleic acids for

analysis, comprising contacting a primer-hybridized nucleic acid molecule comprising a
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target nucleotide sequence with a capture moiety modified nucleotide for incorporation into a
newly synthesized strand, subjecting the mixture to extension conditions to synthesize a first
nucleic acid strand comprising at least one capture moiety modified nucleotide, ligating an
adapter nucleic acid to the first nucleic acid strand, and capturing the adapter-ligated first
nucleic acid strand with a binding partner of the capture moiety.

In some embodiments, the capture moiety of the capture moiety modified nucleotide
1S a biotin moiety. For example, FIG. 2 depicts a non-limiting embodiment of a method
involving the use of biotin-modified nucleotides. In this embodiment, an RNA molecule
(e.g., mRNA) 1s annealed with a DNA primer. A first strand synthesis reaction 1s conducted
using biotinylated nucleotides to generate a biotinylated DNA/RNA hybrid. The RNA of the
DNA/RNA hybrid 1s subjected to degradation via the action of a ribonuclease, and the RNA
fragments that remain annealed to the DNA serve as primers 1n a second strand synthesis
reaction to generate a double-stranded cDNA. In some embodiments, the second strand
synthesis reaction of may be primed by any nucleic acid fragment present 1n a sample
comprising the nucleic acid molecule. For example, 1n some embodiments, the sample
comprises a complex mixture of nucleic acids that are capable of dissociating from a
complementary strand and re-annealing to a different strand present within the mixture. The
double-stranded cDNA 1s subjected to end repair and dA-tailing to generate 3’ overhangs
suitable for a ligation reaction. Following ligation of an adapter nucleic acid to the double-
stranded cDNA, these library molecules are captured, or 1solated, from unligated adapter
using a streptavidin coated paramagnetic bead.

As described 1n the foregoing, aspects of the disclosure provide techniques for
preparing a nucleic acid molecule for analysis which can involve the use of a capture moiety
to capture a nucleic acid product generated during a preparative process. FIG. 3 1s an
1llustration that compares different strategies for nucleic acid preparation using capture
moieties. Selected preparation steps are shown for a first process 310 which incorporates a
capture moiety 1nto a nucleic acid product using a capture moiety modified primer (e.g., as
1llustrated 1n FIG. 1) and for a second process 320 which incorporates a capture moiety into a
nucleic acid product using capture moiety modified nucleotides (e.g., as illustrated in FIG. 2).
In each of the first process 310 and second process 320, a nucleic acid molecule 1s exposed to
a target specific primer under conditions to promote primer hybridization (step1)). As

shown, the target specific primer of the first process 310 1s a capture moiety modified primer
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312, while the target specific primer of the second process 320 utilizes a first target specific
primer 322 that does not include a capture moiety modification.

Following primer hybridization, a first strand synthesis reaction (step 11)) 1s performed
1n the first process 310 using a plurality of types of nucleotides 314 for incorporation into a
newly synthesized first strand 316 using the nucleic acid molecule as a template. By
comparison, a first strand synthesis reaction (step 11)) 1s performed 1n the second process 320
using a plurality of types of nucleotides 324, of which at least one of the plurality 1s a capture
moiety modified nucleotide. By way of example and not limitation, a C nucleotide 1s shown
having a capture moiety modification. In this way, during first strand synthesis using the
nucleic acid molecule as a template, the capture moiety modified nucleotide 1s incorporated
1into the newly synthesized first strand 326 at a position complementary to a G nucleotide 1n
the nucleic acid molecule.

Following first strand synthesis 1n either of the first process 310 or second process
320, a nucleic acid comprising the capture moiety 1s optionally subjected to further
processing (step 111)) that involves additional modifications to the nucleic acid. Examples of
further processing can include, without limitation, second strand synthesis, end-repair,
adapter ligation, and other processing steps described elsewhere herein. Following the
optional further processing in either of the first process 310 or second process 320, a nucleic
acid product comprising the capture moiety 1s contacted with a binding partner of the capture
moiety for the purpose of capturing the nucleic acid product (step 1v)) generated from either
process. As shown, product capture can be performed using a binding partner 352 of the
capture moiety, which 1s optionally immobilized to a substrate 354. Where the substrate 354
1S a paramagnetic substrate, the nucleic acid product can be 1solated by exposure to a
magnetic field 356.

In some aspects, the disclosure provides a method of preparing a nucleic acid library
for analysis of an immune repertoire. For example, in some embodiments, the nucleic acid
library 1s prepared from a sample comprising a nucleic acid sequence encoding an immune

receptor (e.g., a TCR), an immunoglobulin (e.g., a BCR), or a mixture thereof.

Immune Repertoire

As the adaptive immune system functions in part by clonal expansion of cells

expressing unique antigen binding molecules, accurately measuring the changes 1n total
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abundance of each T cell or B cell clone 1s important to understanding the dynamics of an
adaptive immune response. Utilizing advances 1n high-throughput sequencing, a new field of
molecular immunology has recently emerged to profile the vast TCR and BCR repertoires.

In some embodiments, techniques described herein are useful for analyzing an immune cell
clonotype.

As used herein, a “clonotype” refers to a successfully recombined nucleotide
sequence that arises during a rearrangement process for one or more genes that encode an
immune receptor chain or a portion thereof. In some embodiments, a “successfully
recombined nucleotide sequence” refers to a nucleotide sequence that 1s comprised by mRNA
and has undergone genetic recombination to produce a unique clonotype. Accordingly, in
some embodiments, techniques provided 1n the present disclosure may be useful for detecting
a successful rearrangement of an IR loci that 1s expressed as mRNA, but not an IR
rearrangement per se. In some embodiments, a clonotype refers to a nucleotide sequence that
corresponds to an mRNA encoding a single receptor chain. In some embodiments,
techniques provided 1n the present disclosure may be useful for detecting one or more
somatic hypermutations. In some embodiments, techniques provided in the present
disclosure may be useful for detecting TCR and/or BCR 1sotypes (e.g., A, D, E, G, and M
IgH 1sotypes, and select subclasses thereof). In some embodiments, a clonotype 1s a
recombined nucleotide sequence of a T cell or B cell. In some embodiments, a clonotype
encodes a TCR or BCR, or a portion thereof. In some embodiments, clonotypes may encode
all or a portion of a VDJ rearrangement of IgH, a DJ rearrangement of IgH, a VJ
rearrangement of IgK, a VJ rearrangement of Igl, a VDJ rearrangement of TCR 3, a DJ
rearrangement of TCR P, a VJ rearrangement of TCR «, a VJ rearrangement of TCR vy, a VDJ
rearrangement of TCR 0, a VD rearrangement of TCR 0, a kappa deleting element (KDE)
rearrangement, or the like. In some embodiments, clonotypes have sequences that are
sufficiently long to represent or reflect the diversity of the immune molecules from which
they are derived. Accordingly, in some embodiments, clonotypes may vary widely 1n length.
In some embodiments, methods of the disclosure are useful for determining a clonotype
profile.

As used herein, a “clonotype profile” refers to a listing of distinct clonotypes and their
relative abundances that are derived from a population of lymphocytes. In some

embodiments, the population of lymphocytes 1s obtained from a tissue sample. A clonotype
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profile 1s related to the immunology concept of “immune repertoire.” In some embodiments,
a clonotype profile includes a wide variety of lists and abundances of rearranged immune
receptor-encoding nucleic acids, which may be derived from selected subsets of lymphocytes
(e.g. tissue-infiltrating lymphocytes, immunophenotypic subsets, or the like), or which may
encode portions of immune receptors that have reduced diversity as compared to full immune
receptors. In some embodiments, clonotype profiles may comprise at least 10° distinct
clonotypes, at least 10* distinct clonotypes, at least 10° distinct clonotypes, at least 10°
distinct clonotypes, or at least 10" distinct clonotypes. In some embodiments, clonotype
profiles may comprise between about 1 and 500,000 distinct clonotypes. In some
embodiments, clonotypes may comprise between about 1 and 1,000,000 distinct clonotypes
(e.g., between about 1 and about 100,000, between about 100,000 and about 200,000,
between about 200,000 and about 300,000, between about 300,000 and about 400,000,
between about 400,000 and about 500,000, between about 500,000 and about 600,000,
between about 600,000 and about 700,000, between about 700,000 and about 800,000,
between about 800,000 and about 900,000, between about 900,000 and about 1,000,000
distinct clonotypes). In some embodiments, such clonotype profiles may further comprise
abundances or relative frequencies of each of the distinct clonotypes. In one aspect, a
clonotype profile 1s a set of distinct recombined nucleotide sequences (with their abundances)
that encode TCRs or BCRs, or fragments thereof, respectively, in a population of
lymphocytes of an individual, wherein the nucleotide sequences of the set have a one-to-one
correspondence with distinct lymphocytes or their clonal subpopulations for substantially all
of the lymphocytes of the population. In one aspect, nucleic acid segments defining
clonotypes are selected so that their diversity (e.g., the number of distinct nucleic acid
sequences 1n the set) 1s large enough so that substantially every T cell or B cell or clone
thereof 1n an individual carries a unique nucleic acid sequence of such repertoire. That 1s,
preferably each different clone of a sample has different clonotype. In other aspects, the
population of lymphocytes corresponding to a repertoire may be circulating B cells, or may
be circulating T cells, or may be subpopulations of either of the foregoing populations,
including but not limited to, CD4+ T cells, or CD8+ T cells, or other subpopulations defined
by cell surface markers, or the like. In some embodiments, such subpopulations may be
acquired by taking samples from particular tissues, e.g. bone marrow, or lymph nodes, or the

like, or by sorting or enriching cells from a sample (such as peripheral blood) based on one or
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more cell surface markers, size, morphology, or the like. In still other aspects, the population
of lymphocytes corresponding to a repertoire may be derived from disease tissues, such as a
tumor tissue, an infected tissue, or the like. In some embodiments, a clonotype profile
comprising nucleic acids corresponding to TCR and/or BCR chains or fragments thereof
comprises a number of distinct nucleotide sequences 1n the range of from about 1 to about 25,
about 25 to about 50, about 50 to about 100, about 11 to about 250, about 250 to about 500,
about 500 to about 1000, about 1000 to about 2500, about 2500 to about 5000, about 5000 to
about 7500, about 7500 to about 10000, about 10000 to about 25000, about 25000 to about
50000, about 50000 to about 100000, about 100000 to about 250000, about 250000 to about
500000, about 500000 to about 750000, about 750000 to about 1000000.

In some embodiments, a clonotype profile comprises a set of nucleotide sequences
encoding substantially all segments of the V(D)J region of a BCR (e.g., an IgH chain). In
one aspect, “substantially all” as used herein means every segment having a relative
abundance of 0.0001 percent or higher, 0.0005 percent or higher, 0.001 percent or higher,
0.005 percent or higher, 0.01 percent or higher, 0.05 percent or higher, or 0.1 percent or
higher; or 1n another aspect, “substantially all” as used herein means every segment having a
relative abundance of 0.0001 percent or higher. In some embodiments, not all V, D, and J
segments are represented. In another embodiment, a clonotype profile comprises a set of
nucleotide sequences that encodes substantially all segments of the V(D)J region of a TCR
(e.g., TCR B chain, TCR ¢ chain). In another embodiment, a clonotype profile comprises a
set of nucleotide sequences having lengths in the range of from 1-25, 1-50, 1-100, 1-200, 1-
300, 1-400, 1-450, 1-500, 25-100, 25-200, 25-300, 25-400, 25-450, 25-500, 100-200, 100-
300, 100-400, 100-450, 100-500, 200-300, 200-400, 200-450, 200-500, 300-400, 300-450,
300-500, 400-450, 400-500, 450-500, or more nucleotides and including segments of the V,
D, and J regions of a TCR (e.g., TCR  chain, TCR 0 chain). In another embodiment, a
clonotype profile comprises a set of nucleotide sequences having lengths 1n the range of from
1-25, 1-50, 1-100, 1-200, 1-300, 1-400, 1-450, 1-500, 25-100, 25-200, 25-300, 25-400, 25-
450, 25-500, 100-200, 100-300, 100-400, 100-450, 100-500, 200-300, 200-400, 200-450,
200-500, 300-400, 300-450, 300-500, 400-450, 400-500, 450-500, or more nucleotides and
including segments of the V, D, and J regions of a BCR (e.g., an IgH chain). In another
embodiment, a clonotype profile comprises a number of distinct nucleotide sequences that 1s

substantially equivalent to the number of lymphocytes expressing a distinct BCR (e.g., IgH
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chain, IgK chain, IgLL chain). In another embodiment, a clonotype profile comprises a
number of distinct nucleotide sequences that 1s substantially equivalent to the number of
lymphocytes expressing a distinct TCR (e.g., TCR B chain, TCR o chain, TCR o chain, TCR
v chain). In still another embodiment, “substantially equivalent” means that with 99 percent
probability a clonotype profile will include a nucleotide sequence encoding a BCR (e.g., IgH,
IgK, Igl) or TCR (e.g., TCR [3, TCR o, TCR o, TCR v) or portion thereof carried or
expressed by every lymphocyte of a population of an individual. In still another embodiment,
“substantially equivalent” means that with 99 percent probability a repertoire of nucleotide
sequences will include a nucleotide sequence encoding a BCR (e.g., IgH, IgK, Igl) or TCR
(e.g., TCR 3, TCR o, TCR a, TCR v) or portion thereof carried or expressed by every
lymphocyte present in a sample.

In some embodiments, clonotype profiles are obtained from samples of immune cells,
which are present 1n a wide variety of tissues. In some embodiments, immune cells of
interest include T cells and/or B cells. In some embodiments, T cells (T lymphocytes)
include, for example, cells that express TCRs. In some embodiments, B cells (B
lymphocytes) include, for example, cells that express BCRs. In some embodiments, T-cells
include helper T cells (effector T cells or Th cells), cytotoxic T cells (CTLs), memory T cells,
and regulatory T cells, which may be distinguished by cell surface markers. In some
embodiments, a sample of immune cells may also comprise B cells. In some embodiments, B
cells include, for example, plasma B cells, memory B cells, Bl cells, B2 cells, marginal-zone
B cells, and follicular B cells. B cells can express immunoglobulins (also referred to herein as

antibodies or B cell receptors).

1-Cell Receptors

The adaptive immune system employs several strategies to generate a repertoire of T
and B cell antigen receptors (e.g., adaptive immune receptors) with sufficient diversity to
recognize the universe of potential pathogens. The ability of T cells to recognize the universe
of antigens associated with various cancers or infectious organisms 1s conferred by 1ts TCR,
which 1s a heterodimer of an a (alpha) chain from the TCRA locus and B (beta) chain from
the TCRB locus, or a heterodimer of a y (gamma) chain from the TCRG locus and a o (delta)
chain from the TCRD locus. The proteins which make up these chains are encoded by DNA,

which 1n lymphoid cells employs a unique rearrangement mechanism for generating the
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tremendous diversity of the TCR. This multi-subunit immune recognition receptor associates
with the CD3 complex and binds to peptides presented by either the major histocompatibility
complex (MHC) class I or MHC class II proteins on the surface of antigen-presenting cells
(APCs). Binding of TCR to the antigenic peptide on the APC 1s the central event in T cell
activation, which occurs at an immunological synapse at the point of contact between the T
cell and the APC.

Each TCR peptide contains variable complementarity determining regions (CDRs), as
well as framework regions (FRs) and a constant region. The sequence diversity of affT cells
1s largely determined by the amino acid sequence of the third complementarity-determining
region (CDR3) loops of the a and B chain variable domains, which diversity 1s a result of
recombination between variable (Vp), diversity (D), and joining (J) gene segments 1n the [3
chain locus, and between analogous Ja and Ja gene segments in the o chain locus,
respectively. The existence of multiple such gene segments 1n the TCR o and B chain loci
allows for a large number of distinct CDR3 sequences to be encoded. CDR3 sequence
diversity 1s further increased by independent addition and deletion of nucleotides at the V[3-
Dp, DB-JB, and Va-Ja junctions during the process of TCR gene rearrangement. In this
respect, immunocompetence 1s derived from the diversity of TCRs.

The yo TCR heterodimer 1s distinctive from the afy TCR 1n that it encodes a receptor
that interacts closely with the innate immune system, and recognizes antigen in a non-HLA -
dependent manner. TCR v0 1s expressed early in development, and has specialized
anatomical distribution, unique pathogen and small-molecule specificities, and a broad
spectrum of 1nnate and adaptive cellular interactions. A biased pattern of TCRy V and J
segment expression 18 established early in ontogeny. Consequently, the diverse TCRy
repertoire 1n adult tissues 1s the result of extensive peripheral expansion following stimulation
by environmental exposure to pathogens and toxic molecules.

Processes for generating diversity of a TCR are similar to those described for
immunoglobulins. The TCR a chain 1s generated by VJ recombination, while the [ chain 1s
generated by V(D)J recombination. Similarly, generation of the TCR v chain involves VJ
recombination, while generation of the TCR o chain occurs by V(D)J recombination. The
intersection of these specific regions (V and J for the a or y chain, V D and J for the  or o
chain) corresponds to the CDR3 region that 1s important for antigen-MHC recognition. It 1s

the unique combination of the segments at this region, along with palindromic and random N-
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and P- nucleotide additions, which accounts for the TCR binding repertoire. Additionally,
the CDR3 region begins with the second conserved cysteine in the 3’ region of the vf3 gene
and ends with the conserved phenylalanine encoded by the 5’ region of the I gene. Thus,
amplified sequences can be informatically translated to locate the conserved cysteine, obtain

the intervening peptide sequence, and tabulate counts of each unique clone in the sample.

B-Cell Receptors

Immunoglobulins (Igs), also referred to herein as B cell receptors (BCR), are proteins
expressed by B cells consisting of four polypeptide chains, two heavy chains (H chains) from
the IGH locus and two light chains (L chains) from either the IGK or the IGL locus, forming
an H2L2 structure. H and L chains each contain three CDRs involved 1n antigen recognition,
as well as framework regions and a constant domain, analogous to TCR. The H chains of Igs
are 1nitially expressed as membrane-bound 1soforms using either the IGM or IGD constant
region exons, but after antigen recognition the constant region can class-switch to several
additional 1sotypes, including IGG, IGE and IGA. As with TCR, the diversity of naive Igs
within an individual 1s mainly determined by the hypervariable CDRs. Similar to TCRB, the
CDR3 domain of H chains 1s created by the combinatorial joining of the VH, DH, and JH
gene segments. Hypervariable domain sequence diversity 1s further increased by independent
addition and deletion of nucleotides at the VH-DH, DH-JH, and VH-JH junctions during the
process of Ig gene rearrangement. Distinct from TCR, Ig sequence diversity 1s further
augmented by somatic hypermutation (SHM) throughout the rearranged IG gene after a naive
B cell imtially recognizes an antigen. The process of SHM 1s not restricted to CDR3, and
therefore can introduce changes to the germline sequence 1n framework regions, CDR1 and
CDR2, as well as in the somatically rearranged CDR3.

In some aspects, the DNA and RNA analyzed in the methods described herein can
correspond to sequences encoding heavy chain immunoglobulins (IgH) with constant regions
(o, 0, €, v, or u) or light chain immunoglobulins (IgK or Igl) with constant regions (A or ).
Each antibody has two 1dentical light chains and two 1dentical heavy chains. Each chain 1s
composed of a constant (C) and a variable region. For the heavy chain, the variable region 1s
composed of variable (V), diversity (D), and joining (J) segments. Several distinct sequences
coding for each type of these segments are present in the genome. A specific VDJ

recombination event occurs during the development of a B-cell, marking that cell to generate
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a specific heavy chain. Diversity in the light chain 1s generated 1n a similar fashion except
that there 1s no D region so there 1s only VJ recombination. Somatic mutation often occurs
close to the site of the recombination, causing the addition or deletion of several nucleotides,
further increasing the diversity of heavy and light chains generated by B-cells. The possible
diversity of the antibodies generated by a B-cell 1s then the product of the different heavy and
light chains. The variable regions of the heavy and light chains contribute to form the antigen
recognition (or binding) region or site. Added to this diversity 1s a process of somatic
hypermutation which can occur after a specific response 1s mounted against some epitope.

In some embodiments, antibodies are produced by recombined genomic Ig sequences
1in B lineage cells. Immunoglobulin light chains are derived from either « or A genes. The A
genes are comprised of four constant (C) genes and approximately thirty variable (V) genes.
In contrast, the k genes are comprised of one C gene and 250 V genes. The heavy chain gene
family 1s comprised of several hundred V genes, fifteen D genes, and four joining (J) genes.
Somatic recombination during B cell differentiation randomly chooses one V-D-J
combination in the heavy chain and one V-J combination 1n either k or A light chain. Because
there are so many genes, millions of unique combinations are possible. The V genes also
undergo somatic hypermutation after recombination, generating further diversity. Despite
this underlying complexity, it 1s possible to use dozens of primers targeting conserved
sequences to sequence the full heavy and light chain complement 1n several multiplexed

reactions.

Immune Repertoire Analysis

In some aspects, techniques described herein may be used to determine the presence
of a condition of interest. In some embodiments, determination of the presence of a condition
of interest can relate to diagnostic applications, where a subject has or 1s suspected of having
the condition. In some embodiments, determination of the presence of a condition of interest
can be useful for predictive measures for the purpose of preventative treatment. In some
embodiments, analysis of an immune repertoire can indicate the presence of a condition of
interest. For example, in some embodiments, a history of cancer may be reflected in the
presence of immune receptor sequences that bind to one or more cancer antigens. In some
embodiments, the presence of autormmune disease may be reflected 1n the presence of

immune receptor sequences that bind to autoantigens. In some embodiments, conditions
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related to autoommunity may be evaluated at a particular point in time or tracked over a
period of time using techniques described herein. In some embodiments, conditions related
to autormmunity include multiple sclerosis (MS), celiac disease, diabetes mellitus type 1,
sarcoidosis, systemic lupus erythematosus (SLE), Sjogren’s syndrome, eosinophilic
granulomatosis with polyangiitis, Hashimoto’s thyroiditis, Graves’ disease, 1diopathic
thrombocytopenic purpura, Addison’s disease, rheumatoid arthritis (RA), ankylosing
spondylitis, polymyositis (PM), and dermatomyositis (DM). Accordingly, in some
embodiments, methods described herein may be used to determine whether treatment of a
condition 1s appropriate. For example, in some embodiments, the abundance of malignant T
cell and B cell may be tracked over time via specific CDR3 sequences.

In some aspects, methods provided by the disclosure may be used to determine an
optimal therapeutic treatment. In some embodiments, an optimal therapeutic treatment can
be determined by analyzing the immune repertoire in a sample, and based on that
information, selecting an appropriate therapy, dose, or treatment modality that 1s optimal for
sttmulating or suppressing a targeted immune response while minimizing undesirable
toxicity. In some embodiments, a treatment 1s optimized by selection for a treatment that
minimizes undesirable toxicity while providing for effective activity. For example, in some
embodiments, a subject (e.g., a patient) may be assessed for the immune repertoire relevant to
an autoimmune disease, and a systemic or targeted immunosuppressive regimen may be
selected based on that information.

In some aspects, techniques provided by the disclosure may be used to assess the
progression of a condition 1n a subject. For example, in some embodiments, analysis of an
immune repertoire can be used to assess the progression, stagnation, or regression of a
condition. In such embodiments, the immune repertoire can be advantageously assessed
before, during, and/or after treatment with a therapeutic to assess the etfectiveness of the
therapeutic 1n treating the condition. For example, in some embodiments, methods described
herein can be usetul for detecting the earliest changes along a disease pathway (e.g., a
carcinogenesis pathway, inflammatory pathway, etc.), and/or to monitor the efficacy of
various therapies and preventive interventions.

In some aspects, the methods disclosed herein can also be utilized to analyze the
effects of agents on cells of the immune system. For example, in some embodiments,

analysis of changes in immune repertoire following exposure to one or more test compounds
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can performed to analyze the effect(s) of the test compounds on an individual. In such
embodiments, these analyses can be useful for multiple purposes, for example 1n the
development of immunosuppressive or immune enhancing therapies. In some embodiments,
agents to be analyzed for potential therapeutic value can be any compound, small molecule,
protein, lipid, carbohydrate, nucleic acid, or other agent appropriate for therapeutic use. In
some embodiments, tests are performed 1n vivo, e.g. using an animal model, to determine
effects on the immune repertoire.

In some embodiments, analysis of an immune repertoire can be used to determine the
effects of an antigen challenge 1n an organism. In some embodiments, nucleic acids are
obtained from an organism after the organism has been challenged with an antigen (e.g.,
following vaccination). In some embodiments, nucleic acids are obtained from an organism
before the organism has been challenged with an antigen. In some embodiments, comparing
the diversity of the immune repertoire present before and after challenge may assist the

analysis of the organism’s response to the challenge.

Capture Moiety

Aspects of the techniques described herein relate to the use of a capture moiety to
1solate a molecule of interest (e.g., a nucleic acid, a ligation product, etc.). As used herein, a
“capture moiety” refers to a moiety that 1s configured to selectively interact with a binding
partner for the purpose of capturing (e.g., 1solating/purifying) the molecule of interest.

A capture moiety and a binding partner of the capture moiety may comprise any
suitable binding pair. In some embodiments, a binding pair can selectively interact through
covalent or non-covalent binding. In some embodiments, a binding pair can selectively
interact by hybridization, 1onic bonding, hydrogen bonding, van der Waals interactions, or
any combination of these forces. In some embodiments, a capture moiety and/or binding
partner can comprise, for example, biotin, avidin, streptavidin, digoxigenin, inosine, avidin,
GST sequences, modified GST sequences, biotin ligase recognition (Bi1Tag) sequences, S
tags, SNAP-tags, enterokinase sites, thrombin sites, antibodies or antibody domains, antibody
fragments, antigens, receptors, receptor domains, receptor fragments, or combinations
thereof.

In some embodiments, a capture moiety comprises a biotin moiety. In some

embodiments, techniques described herein are useful 1n preparing nucleic acid samples for
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analysis. Accordingly, 1n some embodiments, a nucleic acid molecule comprises a biotin
capture moiety. In some embodiments, the nucleic acid molecule comprises at least one
capture moiety modified nucleotide comprising a biotin moiety. In some embodiments, the

capture moiety modified nucleotide comprises the general structure of formula (I):

(D) S

As shown 1n formula (I), a capture moiety modified nucleotide may comprise a biotin
moiety attached to a nucleobase of a nucleotide. For example, in some embodiments, the
biotin moiety comprises biotin-triethylene glycol, bis-biotin, photocleavable biotin,
desthiobiotin, desthiobiotin-triethylene glycol, or biotin azide. Non-limiting examples of

capture moiety modified nucleotides are shown in Table 1.

Table 1. Example structures of capture moiety modified nucleotides
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In some embodiments, a capture moiety modified nucleotide comprises a linker
between the capture moiety and a nucleobase of the nucleotide. In some embodiments, the
capture moiety 1s covalently linked to the nucleobase via a linker of any suitable length. In
some embodiments, the capture moiety 1s covalently linked to the nucleobase via a linker of 5
to 20 atoms 1n length. In some embodiments, the linker comprises an aliphatic chain. In
some embodiments a linker comprises —(CH;)n—, wherein n 1s an integer from 1 to 20,
inclusive. In some embodiments, n 1s an integer from 1 to 10, inclusive. In certain
embodiments, a linker comprises a heteroaliphatic chain. In some embodiments, a linker
comprises a polyethylene glycol moiety. In some embodiments, a linker comprises a
polypropylene glycol moiety. In some embodiments, a linker comprises -(CH,CH;O)n—,
wherein n 1s an integer from 1 to 20, inclusive. In some embodiments, a linker comprises
—(CH,CH,;0)n—, wherein n 1s an integer from 1 to 10, inclusive. In certain embodiments, a
linker comprises one or more arylenes. In some embodiments, a linker comprises one or
more phenylenes (e.g., para-substituted phenylene). In certain embodiments, a linker
comprises a chiral center. In certain embodiments, a linker comprises one or more
phosphates, an aliphatic chain, a heteroaliphatic chain, and one or more amides (e.g.,
—C(=0O)NH-).

In some embodiments, a capture moiety modified nucleotide 1s biotin-n-dNTP,
wherein n 1s an integer from 5 to 20 representing the number of linker atoms between a

carbonyl-group of the biotin moiety and the position of attachment on a nucleobase of the

NTP.




10

15

20

235

30

CA 0304239%1 2015-04-30

WO 2018/085599 PCT/US2017/059804
33

In some embodiments, a binding partner 1s attached to an insoluble support. Thus, 1n
some embodiments, the molecule of interest may be immobilized on an insoluble support
through a selective binding interaction formed between a capture moiety and a binding
partner of the capture moiety attached to the insoluble support.

In some embodiments, the insoluble support comprises a bead or other solid surface.
For example, in some embodiments, the bead 1s a paramagnetic bead. The use of beads for
1solation 1s well known 1n the art, and any suitable bead 1solation method can be used with the
techniques described herein. In some embodiments, beads can be useful for 1solation in that
molecules of interest can be attached to the beads, and the beads can be washed to remove
solution components not attached to the beads, allowing for purification and 1solation. In
some embodiments, the beads can be separated from other components 1n the solution based
on properties such as size, density, or dielectric, 10onic, and magnetic properties.

In some embodiments, the insoluble support 1s a magnetic bead. Use of beads allows
the derivatized nucleic acid capture moiety to be separated from a reaction mixture by
centrifugation or filtration, or, in the case of magnetic beads, by application of a magnetic
field. In some embodiments, magnetic beads can be introduced, mixed, removed, and
released 1nto solution using magnetic fields. In some embodiments, processes utilizing
magnetic beads may be automated. In some embodiments, the beads can be functionalized
using well-known chemistry to provide a surface having suitable functionalization for
attaching a binding partner of a capture moiety. Derivatization of surfaces to allow binding
of the capture moiety 1s conventional 1n the art. For example, coating of surfaces with
streptavidin allows binding of a biotinylated capture moiety. Coating of surfaces with
streptavidin has been described 1n, for example, U.S. Pat. No. 5,374,524 to Miller. In some
embodiments, solid surfaces other than beads may be used. In some embodiments, the solid
surfaces can be planar surfaces, such as those used for hybridization microarrays, or the solid
surfaces can be the packing of a separation column.

In some embodiments, a binding partner of a capture moiety may be attached to an
insoluble support before, simultaneous with, or after binding the capture moiety. In some
embodiments, 1t may be preferable to contact a capture moiety with a binding partner of the
capture moiety while both are 1n solution. In such embodiments, the capture moiety:binding
partner complex can then be immobilized on an insoluble support by contacting the complex

with an appropriately derivatized surface. Thus, 1n some embodiments, the molecule of



CA 0304239%1 2015-04-30

WO 2018/085599 PCT/US2017/059804
34

interest may be 1solated through a complex formed between a capture moiety attached to the
molecule of interest and a binding partner of the capture moiety.
In some embodiments, 1t may be desirable to attach the capture moiety to a
nucleobase of a nucleotide. In this manner, the 3' end remains free to be optionally ligated to
5  an adapter nucleic acid while the capture moiety 1s available to be captured by a binding

partner. In some embodiments, the capture moiety modified nucleotide comprises a
nucleobase selected from the group consisting of adenine, guanine, thymine, uracil, and
cytosine, or a derivative thereof. For example, in some embodiments, the capture moiety
modified nucleotide comprises an adenine nucleobase or derivative thereof. In some

10  embodiments, the capture moiety 1s covalently linked to the adenine nucleobase or derivative
thereof at position 5, 6, 7 or 8. In some embodiments, the capture moiety 1s covalently linked
to the adenine nucleobase at position 7. A numbering scheme for an adenine ring 1s depicted

in formula (1T)

NH.
G 5 A8
N A
8</ | A
7 2
oN" 4N
15 am #

In some embodiments, 1t may be desirable to modify one or more positions on a
nucleobase that 1s attached to a capture moiety. For example, in some embodiments, position
7 of the adenine nucleobase 1s a carbon atom. However, 1t should be appreciated that any
20  atom capable of forming an additional covalent bond (e.g., C, O, N, S, etc.) may be
substituted 1nto a position on a nucleobase suitable for attachment of a capture moiety. In
some embodiments, following capturing the adapter-ligated fragments, the library 1s

subjected to amplification to enrich target nucleotide sequences.

25  Preparation of Nucleic Acids for Analysis
Aspects of the disclosure provide improved methods of determining the nucleotide
sequence contiguous to a known target nucleotide sequence (e.g., a known target nucleotide

sequence of an immune receptor). Traditional sequencing methods generate sequence
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information randomly (e.g., “shotgun” sequencing) or between two known sequences which
are used to design primers. In contrast, certain of the methods described herein, 1n some
embodiments, allow for determining the nucleotide sequence (e.g., sequencing) upstream or
downstream of a single region of known sequence with a high level of specificity and
sensitivity.

In some embodiments, the techniques described herein allow for the enrichment of
target nucleotide sequences from a nucleic acid sample. In some embodiments, the nucleic
acid sample comprises genomic DNA. In some embodiments, the nucleic acid sample
comprises CDNA. In some embodiments, cDNA may be prepared by conducting a first
strand synthesis reaction using a capture moiety modified primer that anneals to a target
nucleic acid and conducting a second strand synthesis reaction using a fragment of the target

nucleic acid as a primer.

Sample Purification

In some embodiments, target nucleic acids and/or amplification products thereof can
be 1solated from enzymes, primers, or buffer components before and/or after any appropriate
step of a method. Any suitable methods for 1solating nucleic acids may be used. In some
embodiments, the 1solation can comprise Solid Phase Reversible Immobilization (SPRI)
cleanup. Methods for SPRI cleanup are well known 1n the art, e.g., Agencourt AMPure XP -
PCR Purification (Cat No. A63880, Beckman Coulter; Brea, CA). In some embodiments,
enzymes can be inactivated by heat treatment. In some embodiments, unlabeled dNTPs are
removed by enzymatic treatment. In some embodiments, a cleanup step (e.g., an SPRI
cleanup) 1s conducted to remove unextended or excess primers (e.g., capture moiety modified
primers, target-specific primers, adapter primers, etc.).

In some embodiments, SPRI cleanup relates to the use of paramagnetic beads that
bind DNA. For example, in some embodiments, SPRI cleanup utilizes beads having a
polystyrene core surround by a thin layer of magnetite, which makes the beads paramagnetic
(1.e., beads aggregate only when exposed to a magnetic field). In some embodiments, the
bead 1s coated by molecules comprising carboxyl groups that provide charged groups for
DNA binding. In some embodiments, SPRI cleanup 1s conducted 1n the presence of
polyethylene glycol (PEG) and salt, which work together as crowding agents to activate the

beads to reversibly bind DNA. In some embodiments, an SPRI comprises mixing a DNA
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sample with paramagnetic beads and allowing the beads to bind the DNA, applying a
magnetic field to aggregate the DNA-bound beads, rinsing the beads with ethanol (e.g., 70%
ethanol), and eluting the DNA from the paramagnetic beads.

In some embodiments, unhybridized primers can be removed from a nucleic acid
preparation using appropriate methods (e.g., purification, digestion, etc.). In some
embodiments, a nuclease (e.g., exonuclease I) 1s used to remove primers from a preparation.
In some embodiments, such nucleases are heat inactivated subsequent to primer digestion.
Once the nucleases are 1inactivated, a further set of primers may be added together with other
appropriate components (e.g., enzymes, buffers) to perform a further amplification reaction.

In some embodiments, steps of the methods provided herein optionally comprise an
intervening sample purification step. In some embodiments, a sample purification step
comprises a wash step. In some embodiments, a sample purification step comprises SPRI
cleanup (e.g., AMPure). For example, a method of preparing nucleic acids for analysis can
comprise: (1) washing a substrate immobilized nucleic acid; and (11) releasing the washed

immobilized nucleic acid from the paramagnetic substrate or surface.

Nucleic Acid Adapter

As used herein, the term “adapter nucleic acid,” “nucleic acid adapter,” or “adapter”
refers to a nucleic acid molecule that may be ligated to a nucleic acid comprising a target
nucleotide sequence to provide one or more elements useful during amplification and/or
sequencing of the target nucleotide sequence. In some embodiments, an adapter 1s single-
stranded. In some embodiments, an adapter 1s double-stranded. In some embodiments, a
double-stranded adapter comprises a first ligatable duplex end and a second unpaired end. In
some embodiments, an adapter comprises an amplification strand and a blocking strand. In
some embodiments, the amplification strand comprises a 5" unpaired portion and a 3’ duplex
portion. In some embodiments, the amplification strand further comprises a 3’ overhang. In
some embodiments, the 3’ overhang 1s a 3' T overhang. In some embodiments, the
amplification strand comprises nucleotide sequences 1dentical to a first and second adapter
primer. In some embodiments, the blocking strand of the adapter comprises a 5’ duplex
portion and a non-extendable 3’ portion. In some embodiments, the blocking strand further

comprises a 3" unpaired portion. In some embodiments, the duplex portions of the
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amplification strand and the blocking strand are substantially complementary and the duplex
portion 1s of sufficient length to remain in duplex form at the ligation temperature.

In some embodiments, the portion of the amplification strand that comprises a
nucleotide sequence 1dentical to a first and second adapter primer can be comprised, at least
1n part, by the 5" unpaired portion of the amplification strand.

In some embodiments, the adapter can have a “Y” shape, i.e., the second unpaired end
comprises a 5" unpaired portion of an amplification strand and a 3’ portion of a blocking
strand. The 3' unpaired portion of the blocking strand can be shorter than, longer than, or
equal 1n length to the 5’ unpaired portion of the amplification strand. In some embodiments,
the 3’ unpaired portion of the blocking strand can be shorter than the 5" unpaired portion of
the amplification strand. Y-shaped adapters have the advantage that the unpaired portion of
the blocking strand will not be subject to 3' extension during a PCR regimen.

In some embodiments, the blocking strand of the adapter can further comprise a 3’
unpaired portion that 1s not substantially complementary to the 5’ unpaired portion of the
amplification strand, wherein the 3’ unpaired portion of the blocking strand 1s not
substantially complementary to or substantially identical to any of the primers. In some
embodiments, the blocking strand can further comprise a 3’ unpaired portion that does not
specifically anneal to the 5" unpaired portion of the amplification strand at the annealing
temperature, wherein the 3" unpaired portion of the blocking strand will not specifically
anneal to any of the primers or the complements thereof at the annealing temperature. In
some embodiments, an adapter nucleic acid comprises, at a minimum, a sample index
sequence for multiplexing. However, in some embodiments, the adapter nucleic further

comprises a random molecular barcode.

Lxtension and Amplification

Aspects of the present disclosure relate to techniques that may comprise one or more
extension reactions (e.g., first strand synthesis, second strand synthesis) and/or one or more
rounds of amplification. As described herein, extension reactions and amplification may be
conducted using one or more target-specific primers.

As used herein, a “target-specific primer” refers to a primer comprising a sequence
that 1s complementary to a target nucleotide sequence. In some embodiments, a target-

specific primer 15 used to prime a first strand synthesis reaction. For example, in some
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embodiments, the target-specific primer 1s a reverse transcriptase primer that anneals to an
mRNA molecule comprising a target nucleotide sequence. In some embodiments, as
described herein, a capture moiety modified primer 1s a target-specific primer that may be
used to prime a first strand synthesis reaction. In some embodiments, a target-specific primer
1s used to prime an amplification reaction. For example, in some embodiments, methods
described herein may include a step of amplification that uses a target-specific primer that
comprises a 3’ portion that specifically anneals to the target nucleotide sequence. In some
embodiments, the disclosure provides methods that may include the use of target-specific
primers (e.g., identical or different target-specific primers) in more than one step.

Accordingly, in some embodiments of the methods described herein, where the term
target-specific primer appears in more than one step and refers to separate primers, additional
terminology may be included for clarification. For example, in some embodiments, an 1nitial
target-specific primer may be used 1n a first strand synthesis reaction to generate a cDNA that
1S subsequently amplified using a disparate target-specific primer. In such embodiments, the
initial target-specific primer may be referred to as a “capture moiety modified primer” while
the latter target-specific primer may be referred to as a “target-specific primer.”
Alternatively, in some embodiments, the 1nitial target-specific primer and the latter target-
specific primer may be referred to as a “first” and “second” target-specific primer,
respectively.

It should be appreciated that, in some embodiments, use of the terms “first,”
“second,” “third,” etc. may be used relatively, such that these terms may be refer to different
classes of primers depending on the context of the technique being described. For example,
1n some embodiments, a target-specific reverse transcriptase primer 1s used with an mRNA
molecule to generate a cDNA, which 1s further subjected to PCR reactions using additional
target-specific primers. In such embodiments, the target-specific reverse transcriptase primer
may be referred to as a “first target-specific primer” with subsequent PCR primers binding to
a known target sequence referred to as a “second target-specific primer,” “third target-
specific primer,” etc. In some embodiments, a plurality of random reverse transcriptase
primers are used with an mRNA molecule to generate a cDNA, which 1s further subjected to
PCR reactions using target-specific primers. In such embodiments, the plurality of random
primers are not referred to as being “target-specific”; accordingly, 1f subsequent PCR
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reactions utilize target-specific primers, the terms “first target-specific primer,” “second
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target-specific primer,” etc. may be used according to distinct reactions (e.g., in a method of
preparing nucleic acids for sequencing).

In some aspects, the disclosure provides methods that may include conducting a first
strand synthesis reaction using a first target-specific primer (e.g., a capture moiety modified
primer). In some embodiments, a first round of amplification 1s conducted using a second
target-specific primer (e.g., a target-specific primer) and a first adapter primer.

In some embodiments, a “target-specific primer” 1s an oligonucleotide comprising a
nucleic acid sequence that can specifically anneal, under suitable annealing conditions, to a
target nucleotide sequence of a nucleic acid molecule (e.g., a template nucleic acid). In some
embodiments, ordinal terms (e.g., first, second, third) may be used to distinguish one target-
specific primer from another used 1n different steps of a multi-step method. For example, 1n
some embodiments, a second target-specific primer 1s a target specific primer for use 1n an
amplification reaction 1n a process comprising a prior first strand synthesis involving use of a
first target-specific primer. In such embodiments, during amplification, the second target-
specific primer generates a strand that 1s complementary to its template, and this
complementary strand 1s capable of being hybridized with a first adapter primer.

As used herein, an “adapter primer” 1s an oligonucleotide comprising a nucleic acid
sequence that can specifically anneal, under suitable annealing conditions, to a
complementary sequence of an adapter nucleic acid. In some embodiments, an adapter
primer (e.g., a first adapter primer) 1s 1dentical to at least a portion of the adapter, and 1t
anneals to the complementary strand generated by a target-specific primer (e.g., a second
target-specific primer) to allow amplification to proceed.

In some embodiments, in the first PCR amplification cycle of the first amplification
step, a second target-specific primer can specifically anneal to a template strand of a nucleic
acid comprising a target nucleotide sequence. In some embodiments, depending upon the
orientation with which the second target-specific primer was designed, a sequence upstream
or downstream of the target nucleotide sequence will be synthesized as a strand
complementary to the template strand. In some embodiments, 1f, during the extension phase
of PCR, the 5’ end of a template strand terminates 1n a ligated adapter, the 3’ end of the newly
synthesized complementary strand will comprise sequence capable of hybridizing with a first
adapter primer. In subsequent PCR amplification cycles, both t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>