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(57) Abstract: The invention is directed to se-
quence-based profiling of populations of nucleic acids by
multiplex amplification and attachment of one or more se-
quence tags to target nucleic acids and/or copies thereof
followed by high-throughput sequencing of the amplifica-
tion product. In some embodiments, the invention includes
successive steps of primer extension, removal of unexten-
ded primers and addition of new primers either for ampli-
fication (for example by PCR) or for additional primer ex-
tensions. Some embodiments of the invention are directed
to minimal residual disease (MRD) analysis of patients be-
ing treated for cancer. Sequence tags incorporated into se-
quence reads provide an efficient means for determining
clonotypes and at the same time provide a convenient
means for detecting carry-over contamination from other
samples of the same patient or from samples of a different
patient which were tested in the same laboratory.
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LARGE-SCALE BIOMOLECULAR ANALYSIS WITH SEQUENCE TAGS

CROSS-REFERENCE

[0001] This application claims priority from United States provisional applications Ser. No.
61/841,878 filed 01-July-2013 and Ser. No. 62/001,580 filed 21-May-2014, both of which are

incorporated herein by reference in their entireties.

SEQUENCE LISTING
[0002] The instant application contains a Sequence Listing which has been submitted in ASCII
format via EFS-Web and is hereby incorporated by reference in its entirety. Said ASCII copy,
created on June 27, 2014, is named 848US00-SL-ST25.txt and is 2 Kilobytes in size. No new

matter has been added.

BACKGROUND OF THE INVENTION

[0003] Large-scale DNA sequencing in diagnostic and prognostic applications has expanded
rapidly as its speed and convenience has increased and its per-base cost has decreased, e.g. Ding
et al, Nature, 481(7382): 506-510 (2012); Chiu et al, Brit. Med. J., 342: ¢7401 (2011); Ku et al,
Annals of Neurology, 71(1): 5-14 (2012); and the like. In particular, profiles of nucleic acids
encoding immune molecules, such as T cell or B cell receptors, or their components, contain a
wealth of information on the state of health or disease of an organism, so that the use of such
profiles as diagnostic or prognostic indicators has been proposed for a wide variety of conditions,
¢.g. Faham and Willis, U.S. patents 8,236,503 and §,628927; Freeman et al, Genome Research,
19: 1817-1824 (2009); Han et al, J. Immunol., 182 (1001): 42.6 (2009); Boyd et al, Sci. Transl.
Med., 1(12): 12ra23 (2009); He et al, Oncotarget (March 8, 2011).

[0004] For example, patients treated for many cancers often retain a minimal residual disease
(MRD) related to the cancer. That is, even though a patient may have by clinical measures a
complete remission of the disease in response to treatment, a small fraction of the cancer cells
may remain that have, for one reason or another, escaped destruction. The type and size of this
residual population is an important prognostic factor for the patient’s continued treatment, e.g.
Campana, Hematol. Oncol. Clin. North Am., 23(5): 1083-1098 (2009); Buccisano et al, Blood,
119(2): 332-341 (2012). Consequently, several techniques for assessing this population have
been developed, including techniques based on flow cytometry, in situ hybridization,
cytogenetics, amplification of nucleic acid markers, and the like, e.g. Buccisano et al, Current

Opinion in Oncology, 21: 582-588 (2009); van Dongen et al, Leukemia, 17(12): 2257-2317
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(2003); and the like. The amplification of recombined nucleic acids encoding segments of
immune receptors (i.e. clonotypes) from T cells and/or B cells have been particularly useful in
assessing MRD in leukemias and lymphomas, because such clonotypes typically have unique
sequences which may serve as molecular tags for their associated cancer cells. Such
measurements are usually made by amplifying and sequencing nucleic acids encoding a single
receptor chain, in part, because such amplifications are highly multiplexed and are difficult to
develop. As the scale of multiplexing increases, several problems are encountered, including
increased probability of spurious amplifications due to mis-hybridizaitons, primer-dimer
formation, variable rates of amplification leading to biased sequence representation, and the like,
e.g. Elnifro et al, Clinical Microbiology Reviews, 13(4): 559-570 (2000). Furthermore, the
similarity of the target sequences and the incorporation of sequence tags into amplified
sequences, either for sequence analysis, sample tracking, contamination detection, or the like,
can exacerbate the above difficulties associated with large-scale amplifications. These
challenges have prevented the development of large-scale one-reaction amplifications of
multiple immune receptor chains, which would be highly beneficial for reducing the number of

separate assays required for measuring nucleic acid sequences correlated with a minimal disease.

[0005] In view of the foregoing, it would be highly advantageous if more efficient methods were
available for assessing selected nucleic acids in a single reaction, such as exons of cancer genes

or clonotypes encoding sets of immune receptor chains.

SUMMARY OF THE INVENTION

[0006] The present invention is directed to methods of large-scale amplification in a single
reaction, particularly by a polymerase chain reaction (PCR), of a population of target
polynucleotides, such as recombined nucleic acids encoding immune receptor chains, followed
by their identification using large-scale DNA sequencing. The invention includes the application
of the foregoing methods for monitoring minimal residual disease of a cancer. The invention is
exemplified in a number of implementations and applications, some of which are summarized

below and throughout the specification.

[0007] In some embodiments, the invention is directed to methods of generating profiles of
nucleic acids that encode a population of biomolecules of interest, such as immune receptor
molecules. In one aspect, methods of the invention comprise attaching sequence tags to a
selected population of nucleic acids in a sample to form tag-nucleic acid conjugates,

amplifying the tag-nucleic acid conjugates, and sequencing amplified tag-nucleic acid
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conjugates to provide sequence reads each comprising both a tag sequence and a nucleic acid
sequence, for which a profile of the nucleic acids is generated. In some embodiments,
attaching sequence tags is enabled by one or more successive steps of primer extension and
primer removal, after which the resulting product may be further amplified without bias by

common forward and reverse primers.

[0008] In some embodiments, the invention is directed to methods for detecting and measuring
contamination, such as carry-over contamination, in a sample from material originating from a
different sample. In one embodiment, such method for detecting contamination in an individual
being monitored for a minimal residual disease may comprise the following steps: (a) obtaining
from an individual a tissue sample; (b) attaching sequence tags to cancer gene molecules or
recombined nucleic acids to form tag-nucleic acid conjugates, wherein at least one nucleic acid
or copies thereof have different sequence tags attached and wherein the cancer gene molecules
are characteristic of a cancer of the individual; (¢) amplifying the tag-nucleic acid conjugates; (d)
sequencing a sample of the tag-nucleic acid conjugates to provide sequence reads having error
rates and comprising a tag sequence and a cancer gene sequence or recombined nucleic acid
sequence; (¢) comparing tag sequences to separately determined tag sequences from other tissue
samples; and (f) determining the presence, absence and/or level of contamination by the identity
of one or more tag sequences with any separately determined tag sequences from other tissue

samples.

[0009] In another aspect, the invention is directed to a method as described above for
generating clonotype profiles based on at least two chains of a B cell receptor, which method
comprises amplifying in a single reaction target nucleic acids encoding two or more chains of a
B cell receptor. In another aspect, such methods are employed to monitor minimal residual

disease in a B cell cancer.

[0010] In another aspect, the invention is directed to a method as described above generating
clonotype profiles based on at least two chains of a T cell receptor, which method comprises
amplifying in a single reaction target nucleic acids encoding two or more chains of a T cell
receptor. In another aspect, such methods are employed to monitor minimal residual disease in

a T cell cancer.

[0011] These above-characterized aspects, as well as other aspects, of the present invention are
exemplified in a number of illustrated implementations and applications, some of which are

shown in the figures and characterized in the claims section that follows. However, the above
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summary is not intended to describe each illustrated embodiment or every implementation of the

invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The novel features of the invention are set forth with particularity in the appended claims.
A Dbetter understanding of the features and advantages of the present invention is obtained by
reference to the following detailed description that sets forth illustrative embodiments, in which

the principles of the invention are utilized, and the accompanying drawings of which:

[0013] Figs. 1A through 1C illustrate diagrammatically various embodiments of the invention.
Fig. 1D illustrates a method of generating (with or without sequence tags) templates of

recombined nucleic acids having a predetermined length.

[0014] Figs. 2A through 2G illustrate various methods for attaching unique sequence tags to

substantially every target sequence in a sample.

[0015] Figs. 3A and 3B illustrate diagrammatically an aspect of the invention for generating

clonotype profiles from nucleic acid sequences encoding IgH chains.

[0016] Fig. 4A illustrates the use of sequence tags for determining clonotype sequences from
sequence reads. Fig. 4B illustrates the use of sequence tags in embodiments where multiple

different sequence tags are attached to the same target polynucleotide or copies thereof.

[0017] Fig. 5A illustrates concepts of clonotypes in sequence space and distances between

closely related clonotypes.

[0018] Fig. 5B is a flow chart illustrating one embodiment of a method for distinguishing
genuinely different clonotypes from clonotypes that differ solely by sequencing errors (which

should be coalesced).

[0019] Fig. 5C illustrates the form of a numerical function used in one embodiment for

determining whether or not to coalesce related clonotypes.

[0020] Figs. 5D and SE illustrate the use of sequence trees in a method of coalescing sequence

reads.

DETAILED DESCRIPTION OF THE INVENTION

[0021] The practice of the present invention may employ, unless otherwise indicated,

conventional techniques and descriptions of molecular biology (including recombinant
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techniques), bioinformatics, cell biology, and biochemistry, which are within the skill of the art.
Such conventional techniques include, but are not limited to, sampling and analysis of blood
cells, nucleic acid sequencing and analysis, and the like. Specific illustrations of suitable
techniques can be had by reference to the example herein below. However, other equivalent
conventional procedures can, of course, also be used. Such conventional techniques and
descriptions can be found in standard laboratory manuals such as Genome Analysis: A
Laboratory Manual Series (Vols. 1-1V); PCR Primer: A Laboratory Manual; and Molecular
Cloning: A Laboratory Manual (all from Cold Spring Harbor Laboratory Press); and the like.

[0022] In one aspect the invention is directed to methods for producing clonotype profiles of
multiple immune receptor chains by large-scale multiplex amplification of nucleic acids
encoding such chains followed by high-throughput sequencing of the amplification product, or
amplicon. In some embodiments, the invention overcomes common drawbacks of multiplex
amplification by including successive steps of primer extension, removal of unextended, or
unincorporated, primers and addition of new primers either for amplification (for example by
PCR) or for additional primer extensions. Such steps also enable the use of sequence tags which
otherwise would contribute to nonspecific or spurious amplifications. In another aspect,
sequence tags are employed in embodiments with clinical applications, particularly minimal
residual disease (MRD) analysis, for example, of samples from a patient being treated for a
cancer. Sequence tags incorporated into sequence reads provide an efficient means for
determining clonotypes and at the same time provide a convenient means for detecting carry-
over contamination by detecting the presence or absence of sequence tags from previous assays,
either from samples of the same patient or from samples of a different patient which were tested
in the same laboratory. Of particular interest are methods for generating sequence-based
clonotype profiles of recombined nucleic acids encoding a plurality of B cell receptor (BCR)
chains by using a single amplification reaction followed by high throughput next-generation
sequencing. Also of particular interest are methods for generating sequence-based clonotype
profiles of recombined nucleic acids encoding a plurality of T cell receptor (TCR) chains by
using a single amplification reaction followed by high throughput next generation sequencing.
Methods of the invention may also be applied other large-scale amplification and sequencing of
other sets of nucleic acids of interest, including, for example, sets of exons of cancer genes. In
these aspects, sequence tags permit both monitoring of carry over contamination and more
sensitive determination of nucleotide sequences of target polynucleotides in view of error-prone
sequencing methodologies. Also in these aspects, a set of sequence tags (as discussed more fully

below) is typically much larger than the number of target polynucleotides in a sample and the
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sequence difference among sequence tags attached to target polynucleotides is large enough so

that effectively a sequence of one tag could not be transformed into another by sequencing error.

[0023] One embodiment of the invention is illustrated in Fig. 1A. In a reaction mixture, primers
(22) from a first set (each primer of the first set having receptor-specific portion (16) and 5’-non-
complementary portion (15) comprising a first primer binding site) anneal to one end of target
polynucleotides (10) (after melting target polynucleotide (10)) and primers (24) from a second
set (each primer of the second set having receptor-specific portion (20) and 5’—non-
complementary portion comprising sequence tag (14) and second primer binding site (12))
anneal to another end of target polynucleotides (10). In some embodiments, as noted below,
non-complementary portion (15) of primer (22) may also comprise a sequence tag. In some
circumstance, two shorter sequence tags may be more advantageous than a single longer
sequence tag of equivalent diversity. Thus, for example, two 8-mer random-nucleotide sequence
tags may be less likely to cause spurious priming, primer-dimers, and the like, than a single 16-
mer random nucleotide sequence tag. Target polynucleotides (10) are typically somatically
recombined nucleic acids from T cells or B cells which encoded chains or portions of chains of T
cell receptors (TCRs) or B cell receptors (e.g., portions of IgH chains or IgK chains). Thus, in
some embodiments, the receptor-specific portions of primers (22) and (24) may be specific for V

region sequences and J region sequences, respectively, or in other embodiments, vice versa.

[0024] In some embodiments, target polynucleotides (10) may comprise complex mixtures of
nucleic acids whose sequence profiles are desired, including but not limited to, recombined
nucleic acids encoding portions of immune receptor molecules, 16S rDNAs of microbial
communities, metagenomic amplifications of genes encoding proteins of industrial or medical
importance (such as, enzymes), human or animal genes and/or exons related to specific diseases,
such as cancer, infectious disease, or the like. In embodiments relating to recombined nucleic
acids encoding immune receptors, usually at least portions of a V, D or J region are present
between the two binding locations of the first and second sets of primers. In some embodiments,
between the two binding locations of the first and second sets of primers there is at least 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 B, a DJ rearrangement of TCR 3, a V]
rearrangement of TCR a, a VJ rearrangement of TCR vy, a VDJ rearrangement of TCR 9, or a VD
rearrangement of TCR 3. In some embodiments, between the two binding locations of the first
and second sets of primers there is at least a portion of a VDJ rearrangement of IgH, a DJ
rearrangement of IgH, a VJ rearrangement of IgK, or a VJ rearrangement of IgL. In some

embodiments, between the two binding locations of the first and second sets of primers there is
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at least a portion of a VDJ rearrangement of TCR B, a DJ rearrangement of TCR 3, a V]
rearrangement of TCR a, a VJ rearrangement of TCR v, a VDJ rearrangement of TCR 9, or a VD
rearrangement of TCR d. In still other embodiments, between the two binding locations of the
first and second sets of primers there is at least a portion of a VDJ rearrangement of IgH, a DJ
rearrangement of IgH, and a VJ rearrangement of IgK. And in other embodiments, between the
two binding locations of the first and second sets of primers there is at least a portion of a VDJ
rearrangement of TCR B, a VJ rearrangement of TCR vy, and a VDJ rearrangement of TCR o or a
VD rearrangement of TCR 6. In some embodiments, at least a portion of a VDJ rearrangement
comprises the complete D or NDN portion and parts of the V and J segments sufficient for their
identification. In some embodiments, at least a portion of a VDJ rearrangement comprises at
least a 50 nucleotide segment comprising the complete D or NDN portion and parts of the V and
J segments. In some embodiments, at least a portion of a VDJ rearrangement comprises at least
a 70 nucleotide segment comprising the complete D or NDN portion and parts of the V and J

segments.

[0025] In some embodiments, a first set comprises one or more primers that are each specific for
a J segment or a C segment. Primers from such a first set are annealed to their target sequences
and are extended, after which non-extended primers of the first set are removed. Primers from a
second set that are each specific for a V segment are annealed to their target sequences and are
extended. In other embodiments, a first set comprises primers that are each specific fora V
segment and primers of such first set are annealed to their target sequences, and are extended,
after which non-extended primers of the first set are removed, primers of a second set that are
each specific for a J segment or a C segment are annealed to their target sequences and are
extended. In alternatives of both of these embodiments, first and second sets may each contain a

plurality of primers and each primer may be specific for a different immune receptor segment.

[0026] Returning to Fig. 1A, in some embodiments, primers of the first and second sets are
extended (5) by carrying out in alternative embodiments, 1-10, or 2-10, or 3-10, or 4-10, or 5-10
cycles of melting, annealing and extension, after which nonextended primers are removed from
the reaction mixture using conventional techniques. In other embodiments, primers of the first
and second sets are extended (5) by carrying out in alternative embodiments, 2-5, or 3-5, or 4-5
cycles of melting, annealing and extension, after which nonextended primers are removed from
the reaction mixture using conventional techniques. In still another embodiment, primers of the
first and second sets are extended by carrying out two cycles of melting, annealing and
extending. For example, nonextended primers may be removed by exonuclease digestion,

hybridization to complementary sequences on magnetic beads, size exclusion chromatorgraphy,
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commercially available spin columns (e.g. Qiagen QIAquick PCR Purification Kit), or the like.
In one embodiment, unextended, or unincorporated, primers are removed, for example, by
digestion with an exonuclease I. Double stranded DNAs (18), which are products of extensions
(5), have common first and second primer binding sites at each end, to which (in some
embodiments) forward and reverse primers, with complementary sequences (6 and 11), may be
added for later generation of clusters by bridge PCR. In some embodiments, double stranded
DNA also has sequence tag (19) and forward or reverse primer may include sample tag (2) for
identifying or tracking or associating DNA (18) with a sample or patient. In some embodiments,
sequence tag (19) is substantially unique for each different recombined nucleic acid in a sample.
As explained more fully below, sequence tag (19) may be used for coalescing sequence reads
into clonotypes as well as used for detecting and tracking sample contamination. Forward and
reverse primers may also include primer binding sites (4) and (8) for implementing (13) bridge
PCR for certain sequencing protocols, ¢.g. on a Genome Analyzer (Illumina, San Diego)(17). In
other embodiments, in which more than one extensions are carried out with sequence tag-
containing primers, each different recombined nucleic acid in a sample may have copies with
different sequence tags attached; thus, for example, if four separate cycles of melting, annealing
and extension are carried out on target polynucleotides in accordance with the embodiment of
Fig. 1A, and if the sample contains recombined nucleic acid, S, then at the completion of
amplification (13) with common primers, the copies of S; will have up to four different sequence
tags. Therefore, sequence reads of S; will have up to four different sequence tags. As explained
more fully below, in such embodiments, clonotypes may be determined by a combination of
aligning sequence tags and coalescing sequence reads within each subset defined by a common

sequence tag.

[0027] In another embodiment, at least two extensions and two steps to remove unincorporated
primers are implemented prior to PCR with common primers. As illustrated in Fig. 1B, primers
(101) are annealed to one end of target polynucleotides (100), such as recombined nucleic acids
encoding immune receptor chains, and extended, ¢.g. with a DNA polymerase. Primers (101)
may each include receptor-specific portion (103) and 5’ noncomplementary portion (105) which,
in turn, comprises sequence tag (104) and first primer binding site (102). After extension and
removal of unincorporated primers (130), as described above, to first extension product (109) in
the reaction mixture is added (a) primers (125), wherein each primer comprises receptor-specific
portion (106) and 5’-non-complementary portion (115) (that contains a primer binding site), and
(b) primers (127), comprising portion (108) specific for first primer binding site (102) and 5’
non-complementary portion (117). After primers (125) and (127) anneal to their primer binding
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sites, they are extended (107) to form second extension product (118), after which non-extended
primers are removed. To second extension product (118) common forward primers (112) and
reverse primers (110) are added and a PCR is implemented (111), after which the resulting
amplicon is sequenced (120). As above with the embodiment of Fig. 1A, whenever more than
one extension step is performed in the presence of sequence tag-containing primers (such as
(101)), copies of the same target polynucleotide (100) may be labeled with a plurality of

different sequence tags.

[0028] Fig. 1C illustrates another embodiment with V, D and J regions shown explicitly. In a
reaction mixture under primer annealing conditions, to recombined nucleic acids (1200)
encoding immune receptors, such as TCRs, primers (1212), a first set of primers specific to V
region (1226), is added. Each primer of the first set (1212) includes a receptor-specific portion
and a 5’-non-complementary portion which, in turn, comprises optionally a sequence tag and a
first primer binding site (e.g., 102, 103 and 104 in Fig. 1B). Primers of first set (1212) anneal to
V regions (1226) of recombined nucleic acids (1200) and primers of first set (1212) are extended
(1202) through D region (1224) into at least J region (1222) and optionally to C region (1220) to
form first extension products (1216) that includes optional sequence tag (1228) and first primer
binding site (1230). After removing nonextended primers of first set (1212), primers of second
set (1240) are added to the reaction mixture under annealing conditions so that they anneal to
their respective target J regions (1222), after which they are extended (1204) to form second
extension products (1232), each of which comprises sequence tag (1236) (optional) and second
primer binding site (1234). Second extension products (1232) may comprise a single sequence
tag located, for example, adjacent to V regions (1226), as shown by sequence tag (1228), or
adjacent to J regions (1222), as shown by sequence tag (1236), or second extension products
(1232) may comprise two sequence tags located in both positions. In one embodiment, second
extension products (1232) comprise a single sequence tag (1228) adjacent to V regions (1226).
In another embodiment, second extension products (1232) comprise a single sequence tag (1236)
adjacent to J regions (1222). In some embodiments, sequence tags (1228) and/or (1236) are
mosaic tags described below. After nonextended primers of second set (1240) are removed,
common forward and reverse primers are added which are specific for first and second primer
binding sites (1230) and (1234), respectively, and a PCR is carried out (1206). A sample of the
resulting amplicon is sequenced (1208) to generate sequence reads for constructing clonotypes

and clonotype profiles.

[0029] Fig. 1D illustrates a method of generating templates of a defined length and for attaching

one or two sequence tags thereto. The embodiment of Fig. 1D shows messenger RNA (mRNA)
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as the starting material, but the method may be used with either DNA or RNA samples. To
mRNA (1300) containing a VDJ region, one or more primers (1312) specific for C region (1308)
(“C primers”) are annealed to mRNA (1300). Usually only a single C primer is used.
Alternatively, one or more primers (having a similar structure) specific for J region may be used.
C primer (1312) comprises target specific segment (1313), sequence tag segment (1314) and
common primer binding site (1315). Also annealed to target mRNAs (1300) are polymerase
blockers (1310), which may be oligonucleotides specific for V regions (1302). In some
embodiments, blockers (1310) may be a natural oligonucleotide so long as a polymerase used to
extend primer (1312) does not have either strand displacement activity or 5°—3’ exonuclease
activity and so long as the oligonucleotide is non-extendable, e.g. it has a 3’-dideoxynucleotide.
Usually, blockers (1310) are oligonucleotide analogs with enhanced binding activity and
nuclease resistance, such as antisense compounds. In some embodiments, blockers (1310) may
be locked nucleic acids (LNAs) or peptide nucleic acids (PNAs) or bridged nucleic acids
(BNAs), which are disclosed in the following references, Wengel et al, U.S. patents 6,794,499,
7,572,582; Vester et al, Biochemistry, 43(42): 13233-13241 (2004); and the like, and Kazuyuki
et al, Chem. Comm., 3765-3767 (2007); Nielson et al, Chem . Soc. Rev., 26: 73-78 (1997); and
the like. Sequences of blockers (1310) are selected so that the extension of primer(s) (1312) are
halted at a predetermined location on V region (1302). In some embodiments, blockers (1310)
are designed so that only enough of V region (1302) is copied in the extension step so that the V
region can be identified from the copied sequence. In some embodiments, obtaining blockers
(1310) specific for each V region is unnecessary, as consensus sequences may be selected that
permit some mismatches, so long as the progression of a polymerase is stopped. The lengths of
blockers (1310) may vary widely depending on the kind of oligonucleotide or analog used. In
some embodiments, blockers (1310) have lengths in the range of from 10 to 25 monomers. In
some embodiments, blockers (1310) may anneal to different locations on different V region

sequencces.

[0030] Returning to Fig. 1D, primers (1312) are extended to blockers (1310) making a cDNA
copy of a portion of VDJ region of target (1300) that has a predetermined length. In some
embodiments, the predetermined length (or equivalently the binding sites of blockers (1310)) are
selected so that a desired portion of the VDJ region may be covered by one or more sequence
reads of the sequence technique used in the method. After extension is completed, RNA
template (1300) is digested (1325) using conventional techniques, ¢.g. digestion with an RNAse,
such as RNAse H and/or RNAse A, to give single stranded cDNA (1326). To this cDNA is

added a 3” mononucleotide tail, such as a polyC tail, using terminal deoxynucleotide transferase



WO 2015/002908 1 PCT/US2014/044971

(TdT) in a conventional protocol. To tailed cDNA (1331), adaptor (1336) having a
complementary overhang to the mononucleotide tail of cDNA (1331), after which it is extended
to produce double stranded DNA (1340), which may be amplified, e.g. by PCR (1337), and the

resulting amplicon sequenced (1338).

[0031] Recombined nucleic acids that undergo hypermutation, such as IgH-encoding nucleic
acids, may be amplified using sets of primers that include primers that bind to different primer
binding sites on the same recombined nucleic acid; that is, such sets may include primers that
bind to one or more nonoverlapping primer binding sites on the same recombined nucleic acid
encoding a receptor chain. Such set may comprise one or both first set of primers and second set
of primers. In some embodiments, recombined nucleic acids subject to hypermutation are
amplified with a first set of primers and a second set of primers wherein at least one of the two
sets comprises primers specific for a plurality of nonoverlapping primer binding sites, for
example, one set may contain for each different V segment a plurality of primers each specific
for a different nonoverlapping primer binding on the different V segments. An embodiment
applicable to amplification of recombined nucleic acids undergoing hypermutation is illustrated
in Figs. 3A-3B, where nested sets of primers are employed to ensure amplification of each
recombined nucleic acid in a sample under conditions, for example, of somatic hypermutation,
clonal evolution, or the like. Recombined nucleic acids, e.g. encoding IgH molecules, are
combined in a reaction mixture under annealing conditions with first nested set (302) of primers,
comprising in this example groups (304), (306) and (308) of primers specific for different sites
along V region (316) of recombined nucleic acids (300). In this embodiment, the first nested set
comprises a plurality of groups of primers, each specific for a different site or location of the V
region, wherein the different members of a group are specific for different variants of the V
region at the site. In some embodiments, the plurality of groups is in the range of 2-4; in other
embodiments, the plurality is 2 or 3. In some embodiments, each primer of first nested set (302)
may have a unique sequence tag (314) and first primer binding site (312) ina 5’
noncomplementary tail. Primers of first nested set (302) anneal to their target recombined
nucleic acids and are extended through D region (318) and at least a portion of J region (320) to
form first amplicon (323) which comprises three components (330), (332) and (334)
corresponding to the three subsets of primers (304), (306) and (308), respectively. Each member
of first amplicon (323) incorporates sequence tag (324) and primer binding site (326).

[0032] After nonextended primers are removed (322), second nested set of primers (340) is
added to the reaction mixture under annealing conditions. As illustrated in Fig. 3A, primers of

second nested set (340) comprise subsets (336) and (338) of primers which anneal at different
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nonoverlapping positions on J region (320) of members of first amplicon (323). In some
embodiments, the second nested set of primers may contain only a single group of primers.
Primers of second nested set (340) are extended to form second extension product (360) which
comprises subsets (350), (352) and (354) which, in turn, each comprise two further subsets
(subsubsets) corresponding to primers (336) and (338). In some embodiments, second nested set
of primers (340) contain primers specific to only a single primer binding site and first nested set
of primers (302) contain primers specific to at least two non-overlapping primer binding sites.
After removing nonextended primers (342), common forward and reverse primers may be added
to carry out PCR (356) and a sample of the resulting amplicon may be sequenced (358). In
various embodiments, primers of both the first nested set and the second nested set may include
sequence tags (339); primers of the first nested set but not the second nested set may include
sequence tags; and primers of the second nested set but not the first nested set may include
sequence tags. In some embodiments, primers of the first nested set are extended first after
which non-extended primers are removed or destroyed and primers of the second nested set are
anncaled and extended (as illustrated in Figs. 3A-3B). In other embodiments, the order of the
annealing, extending and removing steps are reversed; that is, primers of the second nested set
are extended first after which non-extended primers are removed or destroyed and primers of the

first nested set are annealed and extended.

[0033] In some embodiments of the above method, more than one extension step, either (322) or
(342), may be implemented, for example, in order to attach sequence tags to a greater fraction of
target polynucleotides in a sample. In such embodiments, more than one distinct sequence tag
may be attached to a target polynucleotide and/or copies thereof. That is, a plurality of different
sequence tags may be attached to a target polynucleotide and its progeny from an amplification
reaction, such as PCR; thus, copies of an original target polynucleotide may be labeled with
more than one sequence tag. As explained more fully below, such pluralities of sequence tags
are still useful in tracking carry over contamination and in permitting more sensitive

determination of target polynucleotide sequences.

[0034] Some of the embodiments described above may be carried out with the following steps.
For example, a method of generating clonotype profiles from multiple, or a plurality of, T cell
receptor chains may comprise the steps of: (a) combining in a reaction mixture under primer
extension conditions a first set of primers with a sample of recombined nucleic acids from T-
cells, wherein each primer of the first set has a receptor-specific portion with a length such that
the receptor-specific portion anneals to a different recombined nucleic acid at a predetermined

location or site one the target recombined nucleic acid and is extended to form a first extension
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product, and wherein each primer of the first set has a 5’-non-complementary end containing a
first primer binding site; (b) removing from the reaction mixture non-extended primers of the
first set; (c) adding to the reaction mixture under primer extension conditions a second set of
primers, wherein each primer of the second set has a receptor-specific portion such that the
receptor-specific portion anneals to the first extension product at a predetermined location or
site and has a 5’-non-complementary end containing a second primer binding site, primers of the
first set and/or primers of the second set comprising a sequence tag disposed between the
receptor-specific portion and the first or second primer binding site, respectively, and wherein
each primer of the second set is extended to form a second extension product, such that each
second extension product comprises a first primer binding site, a second primer binding site, at
least one sequence tag, and either (i) a portion of a V3 segment and a portion of a JP segment of
a T cell receptor chain, (ii) a portion of a Vo segment and a portion of a J 8 segment of a T cell
receptor chain, or (iii) a portion of a Vy segment and a portion of a Jy segment of a T cell
receptor chain; (d) performing a polymerase chain reaction in the reaction mixture to form an
amplicon, the polymerase chain reaction using forward primers specific for the first primer
binding site and reverse primers specific for the second primer binding site; and (¢) sequencing
the nucleic acids of the amplicon to form a clonotype profile of multiple T cell receptor chains.
As used herein, “primer extension conditions” in a reaction mixture includes conditions in which
substantially all primer binding sites are in a single stranded state. In some embodiments, such
conditions are obtained by melting double stranded target nucleic acids so that primer binding
sites are in single stranded form so that primers can anneal to them to form substrates for

polymerase extension.

[0035] The predetermined locations or sites at which primers of the first and second sets bind
may be determined by conventional methods known to those of ordinary skill in the art of
multiplex nucleic acid amplifications, such as multiplex PCRs, as exemplified in the references
cited below. For example, in the case of target polynucleotides being recombined nucleic acids
encoding immune receptor molecules, Faham and Willis (cited above), Van Dongen et al,
Leukemia, 17: 2257-2317 (2003), and like references provide guidance for selecting primer
binding sites for multiplex amplification of such target polynucleotides. In some embodiments,
selecting such predetermined locations or sites depends of several factors including (i) their
effect on amplification efficiency (it is desirable that frequencies of different copies in an
amplicon faithfully represent frequencies of target polynucleotides in a sample), (ii) their effect
on the lengths of copies in an amplicon correspond to requirements of the DNA sequencing

chemistry being employed, (iii) whether the selected primers span a portion of the recombined
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nucleic acids with desired diversity, e.g. a VDI region, and the like. In relation to this aspect, in
part the invention includes an appreciation and recognition that primer cross-reactivity with
different target polynucleotides does not effect results of methods of the invention (as compared
to, for example, in methods based solely on analog readouts of PCR amplifications,

spectratyping, and the like), because a set of sequences is the readout rather than an analog
signal.

[0036] In some embodiments, the step of sequencing includes the following steps: (i) providing
a plurality of sequence reads each having an error rate and each comprising a nucleotide
sequence and a tag sequence, and (i1) aligning groups of sequence reads having like tag
sequences, after which base calls are made based on sequence reads within the groups to
determine the nucleotide sequence. Such group-level nucleotide sequences may then be
coalesced into the same or different clonotypes as described below. In some embodiments, in
the PCR steps, the lengths of the receptor-specific portions of the primers of the first and second
sets are selected so that relative levels of different recombined nucleic acids in the amplicon are
substantially the same as those of recombined nucleic acids in the sample. In implementing such
selection of primers the positions and lengths of the binding sites of the primers on their
respective target polynucleotides may be varied. In some embodiments, sequence tags are
selected from a set of sequence tags which is much larger than the number of distinct target
polynucleotides in a sample, so that substantially every distinct target polynucleotide in the
sample and copies thereof will have a different sequence tag (for example, in accordance with
the “labeling by sampling” methodology described in Brenner, U.S. patent 7,537,897). In some
embodiments, the number of sequence tags in such a set is at least 100 times the size of the
population of target polynucleotides in a sample. Further, in some embodiments where
substantially every original target polynucleotide and copies thereof are labeled with the same
unique sequence tag, the step of sequencing includes generating sequence reads of nucleic acids
of the amplicon and aligning sequence reads having the same sequence tags to determine
sequence reads corresponding to the same clonotypes of the sample. Further, in some
embodiments, the step of aligning further includes determining a nucleotide sequence of each
clonotype by determining a majority nucleotide at each nucleotide position of the sequence reads
having the same sequence tag. Further, in some embodiments, steps of removing the non-
extended primers may be carried out by digesting single stranded nucleic acids in the reaction
mixture using a nuclease having 3’—5’ single strand exonuclease activity (which may be
provided by, for example, E. coli exonuclease I, which may be conveniently inactivated by heat).

In further embodiments, the above methods may be used to generate clonotype profiles for
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diagnosing and/or monitoring minimal residual disease of a cancer patient, such as a myeloma,
lymphoma or leukemia patient. Such diagnosing and/or monitoring may be implemented with
the following additional step after the above method steps: determining from the clonotype
profile a presence, absence and/or level of one or more patient-specific clonotypes correlated
with the cancer. Methods of this embodiment may further include steps of determining
sequences of each of one or more sequence tags and comparing such sequences with sequences
of sequence tags of previously determined clonotype profiles to determine a presence, absence
and/or level of contaminating sequences. In some embodiments, such step of comparing
includes comparing the sequences of one of more sequence tags to sequence tags of a clonotype

database containing clonotypes from at least one individual other than the patient.

[0037] In still another embodiment, a method of amplifying in one reaction a plurality of
recombined nucleic acids encoding B, 6 and y T cell receptor components may comprise the steps
of: (a) combining in a reaction mixture under primer extension conditions a first set of primers
with a sample of recombined nucleic acids from T-cells, wherein each of the recombined nucleic
acids comprises at a first end at least a portion of a JB, Jo or Jy segment of a T cell receptor, and
wherein each primer of the first set each has a receptor-specific portion with a length, which
receptor-specific portion anneals to the first end of a different recombined nucleic acid and is
extended to form a first extension product, and wherein each primer of the first set has a 5’-non-
complementary end containing in a 3’—5’ ordering a sequence tag and a first primer binding
site, the sequence tag being different for substantially every primer of the first set; (b) removing
from the reaction mixture non-extended primers of the first set; (c) adding to the reaction mixture
under primer extension conditions a second set of primers, each primer of the second set having
a receptor-specific portion with a length, which anneals to the first extension product and is
extended to form a second extension product, wherein each second extension product comprises
at least a portion of a VB, Vo or Vy segment of a T cell receptor, and wherein each primer of the
second set has a 5’-non-complementary end containing a second primer binding site; and (d)
performing a polymerase chain reaction in the reaction mixture to form an amplicon, the
polymerase chain reaction using a forward primer specific for the first primer binding site and a
reverse primer specific for the second primer binding site. The above method may further
include a step of sequencing a sample of sequences of the amplicon. Typically such a sample is
a “representative sample” in that it is large enough to that different clonotypes are present in the
sample in approximately the same frequencies as in the original sample of biological material.

In some embodiments, the step of sequencing includes providing a plurality of sequence reads

cach having an error rate and each comprising a nucleotide sequence and a tag sequence, and
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aligning sequence reads having like tag sequences to determine sequence reads corresponding to
the same clonotype. Such sequence reads may be processed in further step of coalescing, as
described more fully below, whenever multiple sequence tags are attached to original target

polynucleotides or copies thereof.

[0038] In another embodiment, a method of generating clonotype profiles from multiple T cell
receptor chains may comprise the steps of: (a) combining in a reaction mixture under primer
extension conditions a first set of primers with a sample of recombined nucleic acids from T-
cells, wherein each primer of the first set has a receptor-specific portion with a length such that
the receptor-specific portion anneals to a different recombined nucleic acid at a predetermined
location and is extended to form a first extension product, and wherein each primer of the first
set has a 5’-non-complementary end containing a first primer binding site; (b) removing from the
reaction mixture non-extended primers of the first set; (c¢) adding to the reaction mixture a
second set of primers, wherein each primer of the second set has a receptor-specific portion with
a length, the receptor-specific portion being specific for the first extension product at a
predetermined location and having a 5’-non-complementary end containing a second primer
binding site, primers of the first set and/or primers of the second set comprising a sequence tag
disposed between the receptor-specific portion and the first or second primer binding site,
respectively; (d) performing a first polymerase chain reaction to form a first amplicon, the first
polymerase chain reaction using forward primers specific for the first primer binding site and
primers of the second set, wherein each nucleotide sequence of the first amplicon comprises a
first primer binding site, a second primer binding site, at least one sequence tag, and either a
portion of a VP segment and a portion of a JB segment of a T cell receptor chain, a portion of a
Vo segment and a portion of a J & segment of a T cell receptor chain, or a portion of a Vy
segment and a portion of a Jy segment of a T cell receptor chain, and wherein the lengths of the
receptor-specific portions of the primers of the first and second sets are selected so that relative
levels of different recombined nucleic acids in the amplicon are substantially the same as those
of different recombined nucleic acids in the sample; (¢) adding reverse primers specific for the
second primer binding site; (f) performing a second polymerase chain reaction in
the reaction mixture to form a second amplicon, the polymerase chain reaction using forward
primers specific for the first primer binding site and reverse primers specific for the second
primer binding site; (g) sequencing the nucleic acids of the second amplicon to form a clonotype
profile of multiple T cell receptor chains. In some embodiments, the step of sequencing includes
providing a plurality of sequence reads each having an error rate and each comprising a

nucleotide sequence and a tag sequence, and aligning sequence reads having like tag sequences
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to determine sequence reads corresponding to the same clonotype. In further embodiments
where target polynucleotides and/or copies thereof are labeled with more than one sequence tag,
after aligning like sequence tags, sequence reads may be processed in a further step of

coalescing, as described more fully below.

[0039] In another example, a method of generating clonotype profiles from multiple B cell
receptor chains may be carried out by the steps of: (a) combining in a reaction mixture under
primer extension conditions a first nested set of primers with a sample of recombined nucleic
acids from B-cells, the first nested set comprising one or more groups of primers, wherein each
primer of each group has a receptor-specific portion with a length such that the receptor-specific
portion of each primer from a different group anneals to a different recombined nucleic acid at a
predetermined site that does not overlap a predetermined site of any other primer of the first
nested set, and wherein each primer of each group has a 5’-non-complementary end containing a
first primer binding site; (b) extending primers of the first nested set to form a first extension
product; (c) removing from the reaction mixture non-extended primers of the first nested set; (d)
adding to the reaction mixture under primer extension conditions a second nested set of primers,
the second nested set comprising one or more groups of primers, wherein each primer of each
group has a receptor-specific portion with a length such that the receptor-specific portion of each
primer from a different group anneals to the first extension product at a predetermined site that
does not overlap a predetermined site of any other primer of the second nested set, and wherein
each primer of each group has a 5’-non-complementary end containing a second primer binding
site, and wherein primers of the first nested set and/or primers of the second nested set comprise
a sequence tag disposed between its receptor-specific portion and its first or second primer
binding site, respectively; (¢) extending primers of the second nested set to form a second
extension product, such that each second extension product comprising a first primer binding
site, a second primer binding site, at least one sequence tag, and either (i) a portion of a V
segment and a portion of a J segment of a B cell receptor heavy chain, or (ii) a portion of a V
segment and a portion of a J segment of a B cell receptor kappa light chain; (f) performing a
polymerase chain reaction in the reaction mixture to form an amplicon, the polymerase chain
reaction using forward primers specific for the first primer binding site and reverse primers
specific for the second primer binding site; and (g) sequencing the nucleic acids of the amplicon

to form a clonotype profile of multiple B cell receptor chains.

[0040] In some embodiments, more than one cycles of annealing and extending primers (after
melting the extension product) may be implemented in steps (b) and/or (¢), in which case copies

of the original recombined nucleic acids in the sample may be labeled with one or more
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sequence tags. In these embodiments, sequencing step (g) may include further steps of aligning
and coalescing as described below for determining clonotypes and clonotype profiles. In some
embodiments, for example, where only single extensions are made in steps (b) and (e), the step
of sequencing includes providing a plurality of sequence reads each having an error rate and each
comprising a nucleotide sequence and a tag sequence, and aligning sequence reads having like
tag sequences to determine sequence reads corresponding to the same clonotype. As above, in
some embodiments, in the PCR the positions and the lengths of the receptor-specific portions of
the primers of the first and second sets are selected so that relative levels of different recombined
nucleic acids in the amplicon are substantially the same as those of different recombined nucleic

acids in the sample.

[0041] In some of the embodiments, sequence tags are attached to a target polynucleotide or a
copy thereof in a step of primer extension, wherein substantially every different target
polynucleotide and copy thereof is labeled with the same sequence tag. In other embodiments,
target polynucleotides of a sample or copies thereof may be labeled with more than one different
sequence tags. As explained further below, in some embodiments, multiple extensions or
multiple cycles of a PCR may be carried out in the presence of sequence tag-containing primers
(either a first set of primers or a second set of primers), which may result in different sequence

tags being attached to the same target polynucleotide and/or its copies.

Sequence Tags in Clonotype Analysis

[0042] In one aspect, the invention is directed to a method for obtaining and analyzing sequence
data from a repertoire of immune molecules, such as T cell receptors (TCRs) or B cell receptors
(BCRs) or defined fragments thereof, to rapidly and efficiently determine a clonotype profile.
Sequence data typically comprises a large collection of sequence reads, i.e. sequences of base
calls and associated quality scores, from a DNA sequencer used to analyze the immune
molecules. A key challenge in constructing clonotype profiles is to rapidly and accurately
distinguish sequence reads that contain genuine differences from those that contain errors from
non-biological sources, such as the extraction steps, sequencing chemistry, amplification
chemistry, or the like. An aspect of the invention includes attaching a unique sequence tag to
cach target polynucleotide, for example, recombined nucleic acid, in a sample to assist in
determining whether sequence reads of such conjugates are derived from the same original target
polynucleotide. In accordance with one aspect of the invention, sequence tags are attached to
the somatically recombined nucleic acid molecules to form tag-molecule conjugates wherein

each recombined nucleic acid of such a conjugate has a unique sequence tag. Usually such
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attachment is made after nucleic acid molecules are extracted from a sample containing T cells
and/or B cells and/or cell-free DNA. Preferably, such unique sequence tags differ as greatly as
possible from one another as determined by conventional distance measures for sequences, such
as, a Hamming distance, or the like. By maximizing the distance between sequence tags in tag-
molecule conjugates, even with a high rate of sequencing and amplification errors, a sequence
tag of a conjugate remains far closer to its ancestral tag sequence than to that of any other tag
sequence of a different conjugate. For example, if 16-mer sequence tags are employed and each
such tag on a set of clonotypes has a Hamming distance of at least fifty percent, or eight
nucleotides, from every other sequence tag on the clonotypes, then at least eight sequencing or
amplification errors would be necessary to transform one such tag into another for a miss-read of
a sequence tag (and the incorrect grouping of a sequence read of a clonotype with the wrong
sequence tag). In one embodiment, sequence tags are selected so that after attachment to
recombined nucleic acids molecules to form tag-molecule conjugates, the Hamming distance
between tags of the tag-molecule conjugates is a number at least twenty-five percent of the total
length of such sequence tags (that is, each sequence tag differs in sequence from every other
such tag in at least 25 percent of its nucleotides); in another embodiment, the Hamming distance
between such sequence tags is a number at least 50 percent of the total length of such sequence

tags.

[0043] In one aspect, the invention is implemented by the following steps: (a) obtaining a
sample from an individual comprising T-cells and/or B-cells and/or cell-free DNA; (b) attaching
sequence tags to molecules of recombined nucleic acids of T-cell receptor genes or
immunoglobulin genes in the sample to form tag-molecule conjugates, wherein substantially
every molecule of the tag-molecule conjugates has a unique sequence tag; (c) amplifying the tag-
molecule conjugates; (d) sequencing the tag-molecule conjugates; and (¢) aligning sequence
reads of like sequence tags to determine sequence reads corresponding to the same recombined
nucleic acid in the sample. Samples containing B-cells or T-cells are obtained using
conventional techniques. In the step of attaching sequence tags, preferably sequence tags are not
only unique but also are sufficiently different from one another that the likelihood of even a large
number of sequencing or amplification errors transforming one sequence tag into another would
be close to zero. After attaching sequence tags, amplification of the tag-molecule conjugate is
necessary for most sequencing technologies; however, whenever single-molecule sequencing
technologies are employed an amplification step is optional. Single molecule sequencing

technologies include, but are not limited to, single molecule real-time (SMRT) sequencing,
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nanopore sequencing, or the like, e.g. U.S. patents 7,313,308; 8,153,375; 7,907,800; 7,960,116;
8,137,569; Manrao et al, Nature Biotechnology, 4(8): 2685-2693 (2012); and the like.

[0044] In another aspect, the invention includes a method for determining the number of
lymphocytes in a sample by counting unique sequence tags. Even without sequence tags,
clonotypes of TCRp or IgH genes, particularly those including the V(D)J regions, provide for a
lymphocyte and its clones a unique marker. Whenever recombined nucleic acids are obtained
from genomic DNA, then a count of lymphocytes in a sample may be estimated by the number
of unique clonotypes that are counted after sequencing. This approach breaks down whenever
there are significant clonal populations of identical lymphocytes associated with the same
clonotype (or when recombined nucleic acids are obtained from mRNA of a sample, whose
quantity of individual sequences may reflect, or depend on, expression rate as well as cell
number). The use of sequence tags overcomes this short coming and is especially useful for
providing counts of lymphocytes in patients suffering from many lymphoid disorders, such as
lymphomas or leukemias. In accordance with one aspect of the invention, sequence tags may be
used to obtain an absolute count of lymphocytes in a sample regardless of whether there is a
large dominant clone present, such as with leukemia. Such a method may be implemented with
the steps: (a) obtaining a sample from an individual comprising lymphocytes; (b) attaching
sequence tags to molecules of recombined nucleic acids of T-cell receptor genes or of
immunoglobulin genes of the lymphocytes to form tag-molecule conjugates, wherein
substantially every molecule of the tag-molecule conjugates has a unique sequence tag; (c)
amplifying the tag-molecule conjugates; (d) sequencing the tag-molecule conjugates; and (¢)
counting the number of distinct sequence tags to determine the number of lymphocytes in the

sample. In some embodiments, the molecules of recombined nucleic acids are from genomic

DNA.

[0045] In one embodiment of the invention, sequence tags are attached to recombined nucleic
acid molecules of a sample by labeling by sampling, e.g. as disclosed by Brenner et al, U.S.
patent 5,846,719; Brenner et al, U.S. patent 7,537,897; Macevicz, International patent
publication WO 2005/111242; and the like, which are incorporated herein by reference. In
labeling by sampling, polynucleotides of a population to be labeled (or uniquely tagged) are used
to sample (by attachment, linking, or the like) sequence tags of a much larger population. That
is, if the population of polynucleotides has K members (including replicates of the same
polynucleotide) and the population of sequence tags has N members, then N>>K. In one
embodiment, the size of a population of sequence tags used with the invention is at least 10 times

the size of the population of clonotypes in a sample; in another embodiment, the size of a
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population of sequence tags used with the invention is at least 100 times the size of the
population of clonotypes in a sample; and in another embodiment, the size of a population of
sequence tags used with the invention is at least 1000 times the size of the population of
clonotypes in a sample. In other embodiments, a size of sequence tag population is selected so
that substantially every clonotype in a sample will have a unique sequence tag whenever such
clonotypes are combined with such sequence tag population, e.g. in an attachment reaction, such
as a ligation reaction, amplification reaction, or the like. In some embodiments, substantially
every clonotype means at least 90 percent of such clonotypes will have a unique sequence tag; in
other embodiments, substantially every clonotype means at least 99 percent of such clonotypes
will have a unique sequence tag; in other embodiments, substantially every clonotype means at
least 99.9 percent of such clonotypes will have a unique sequence tag. In many tissue samples or
biopsies the number of T cells or B cells may be up to or about 1 million cells; thus, in some
embodiments of the invention employing such samples, the number of unique sequence tags

employed in labeling by sampling is at least 10° or in other embodiments at least 10°.

[0046] In such embodiments, in which up to 1 million clonotypes are labeled by sampling, large
sets of sequence tags may be efficiently produced by combinatorial synthesis by reacting a
mixture of all four nucleotide precursors at each addition step of a synthesis reaction, ¢.g. as
disclosed in Church, U.S. patent 5,149,625, which is incorporated by reference. The result is a
set of sequence tags having a structure of “N;N, ... Ni” where each N;=A, C, G or T and k is the
number of nucleotides in the tags. The number of sequence tags in a set of sequence tags made
by such combinatorial synthesis is 4°. Thus, a set of such sequence tags with k at least 14, or k
in the range of about 14 to 18, is appropriate for attaching sequence tags to a 10°~-member
population of molecules by labeling by sampling. Sets of sequence tags with the above structure
include many sequences that may introduce difficulties or errors while implementing the
methods of the invention. For example, the above combinatorially synthesized set of sequence
tags includes many member tags with homopolymers segments that some sequencing
approaches, such as sequencing-by-synthesis approaches, have difficulty determining with
accuracy above a certain length. Therefore, the invention includes combinatorially synthesized
sequence tags having structures that are efficient for particular method steps, such as sequencing.
For example, several sequence tag structures efficient for sequencing-by-synthesis chemistries
may be made by dividing the four natural nucleotides into disjoint subsets which are used
alternatively in combinatorial synthesis, thereby preventing homopolymer segments above a
given length. For example, let z be either A or C and x be either G or T, to give a sequence tag

structure of
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[(@1(2)2 ... @i][()1(X)z2 ... (X)] ...

where 1 and j, which may be the same or different, are selected to limit the size of any
homopolymer segment. In one embodiment, i and j are in the range of from 1 to 6. In such
embodiments, sequence tags may have lengths in the range of from 12 to 36 nucleotides; and in
other embodiments, such sequence tags may have lengths in the range of from 12 to 24
nucleotides. In other embodiments other pairing of nucleotides may be used, for example, z is A
orTandxis Gor C;orzis Aor Gand x is T or C. Alternatively, let z’ be any combination of
three of the four natural nucleotides and let x” be whatever nucleotide is not a z’ (for example, z’

is A, Cor G, and x’ is T). This gives a sequence tag structure as follows:

[(ZN(Z)y ... @)K [(Z)(Z)2 ... @ N]X ...
where 1 is selected as above and the occurrence of x” serves as a punctuation to terminate any

undesired homopolymers.

Further Sequence Tags

[0047] The invention uses methods of labeling nucleic acids, such as fragments of genomic
DNA, with unique sequence tags, which may include “mosaic tags,” prior to amplification and
sequencing. Such sequence tags are useful for identifying amplification and sequencing errors.
Mosaic tags minimize sequencing and amplification artifacts due to inappropriate annealing ,
priming, hairpin formation, or the like, that may occur with completely random sequence tags of
the prior art. In one aspect, mosaic tags are sequence tags that comprise alternating constant
regions and variable regions, wherein each constant region has a position in the mosaic tag and
comprises a predetermined sequence of nucleotides and each variable region has a position in the
mosaic tag and comprises a predetermined number of randomly selected nucleotides. By way of

illustration, a 22-mer mosaic tag (SEQ ID NO: 1) may have the following form:

Nucleotide position:

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

=

1
2
N N N b b b b b N b b NN N b b b N N b
N

e Y e S T N
1

2 3 4 5 6 7 8 9
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Region position

There are nine constant and variable regions, with regions 1 (nucleotides 1-3), 3 (nucleotide 9), 5
(nucleotides 12-14), 7 (nucleotides 18-19) and 9 (nucleotides 21-22) being variable (double
underlined nucleotides) and regions 2 (nucleotides 4-8), 4 (nucleotides 10-11), 6 (nucleotides 15-
17), and 8 (nucleotide 20) being constant. N represents a randomly selected nucleotide from the
set of A, C, G or T; thus, the number of mosaic tags of this example is gM= 4,194,304 tags. b
represents a predetermined nucleotide at the indicated position. In some embodiments, the
sequence of b’s, “***bbbbb*bb***bbb**b**”, is selected to minimize the likelihood of having

a perfect match in a genome of the organism making up the sample.

[0048] In one aspect, for mosaic tags of a particular embodiment of the method of the invention,
all constant regions with the same position have the same length and all variable regions with the
same position have the same length. This allows mosaic tags to be synthesized using partial

combinatorial synthesis with conventional chemistries and instruments.

[0049] In one aspect, mosaic tags comprise from 10 to 100 nucleotides, or from 12 to 80
nucleotides, or from 15 to 60 nucleotides. In some embodiments, mosaic tags comprise at least
eight nucleotide positions with randomly selected nucleotides; in other embodiments, whenever
mosaic tags have a length of at least 15 nucleotides, they comprise at least 12 nucleotide
positions with randomly selected nucleotides. In another aspect, no variable region within a

mosaic tag may have a length that is greater than seven nucleotides.

[0050] In another aspect, mosaic tags may be used in the following steps: (i) preparing DNA
templates from nucleic acids in a sample; (ii) labeling by sampling the DNA templates to form a
multiplicity tag-template conjugates, wherein substantially every DNA template of a tag-
template conjugate has a unique mosaic tag comprising alternating constant regions and variable
regions, cach constant region having a position in the mosaic tag and a length of from 1 to 10
nucleotides of a predetermined sequence and each variable region having a position in the
mosaic tag and a length of from 1 to 10 randomly selected nucleotides, such that constant regions
having the same positions have the same lengths and variable region having the same positions
have the same lengths; (iii) amplifying the multiplicity of tag-template conjugates; (iv)
generating a plurality of sequence reads for each of the amplified tag-template conjugates; and
(v) determining a nucleotide sequence of each of the nucleic acids by determining a consensus

nucleotide at each nucleotide position of each plurality of sequence reads having identical
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mosaic tags. In another aspect, mosaic tags may be used in the following steps: (a) preparing
single stranded DNA templates from nucleic acids in a sample; (b) labeling by sampling the
single stranded DNA templates to form tag-template conjugates, wherein substantially every
single stranded DNA template of a tag-template conjugate has a unique sequence tag (that is, a

mosaic tag) having a length of at least 15 nucleotides and having the following form:

[(NIN; ... Ngj)(biby ... brj)m

wherein each N;, fori= 1, 2, ... K, is a nucleotide randomly selected from the group consisting
of A, C, G and T; K; is an integer in the range of from 1 to 10 for each j less than or equal to M
(that is, regions NN ... Ng;j are variable regions); each b;, for i= 1, 2, ... L, is a nucleotide; L; is
an integer in the range of from 1 to 10 for each j less than or equal to M; such that every
sequence tag (1) has the same Kj for every j and (i) has the same sequences bib; ... by; for every
J (that is, regions bib; ... by; are constant regions); and M is an integer greater than or equal to 2;
(c) amplifying the tag-template conjugates; (d) generating a plurality of sequence reads for each
of the amplified tag-template conjugates; and (e¢) determining a nucleotide sequence of each of
the nucleic acids by determining a consensus nucleotide at each nucleotide position of each
plurality of sequence reads having identical sequence tags. In some embodiments, the plurality
of sequence reads is at least 10%; in other embodiments, the plurality of sequence reads is at least
10°; in still other embodiments, the plurality of sequence reads is at least 10°. In some
embodiments, the total length of the above sequence tag is in the range of from 15 to 80

nucleotides.

Attaching Sequence Tags

[0051] A variety of different attachment reactions may be used to attach unique tags to
substantially every clonotype in a sample in addition to those illustrated above. Many techniques
for capturing subsets of sample nucleic acids, for example, to reduce sample complexity in
microarray or genome sequencing technology, may be used with routine modification in the
present invention to attached sequence tags to recombined nucleic acids. Exemplary techniques
for capturing diverse sets of target nucleic acids for subsequent manipulation, including attaching
sequence tags, sequencing, and the like, include the following; Willis et al, U.S. patent
7,700,323; Jones et al, U.S. patent publication 2005/0142577; Gullberg et al, U.S. patent
publication 2005/0037356; Porreca et al, Nature Methods, 4(11): 931-936 (2007); Turner et al,
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Nature Methods, 6(5): 315-316 (2009); Church, U.S. patent 5,149,625; Macevicz, U.S. patent
8,137,936; and the like.

[0052] In one embodiment, such attachment is accomplished by combining a sample containing
recombined nucleic acid molecules (which, in turn, comprise clonotype sequences) with a
population or library of sequence tags so that members of the two populations of molecules can
randomly combine and become associated or linked, e.g. covalently. For example, such random
combining may occur in a bimolecular reaction wherein a tag-containing primer anneals to a
target nucleic acid and is extended or wherein a tag-containing adaptor is ligated to the end of
target nucleic acid. In some embodiments, the method of attaching tags may depend in part on
the DNA sequencing approach. For example, in sequencing methods that produce relatively
long accurate sequence reads, such as 454 sequencing, a cDNA library may be made from
mRNA comprising recombined nucleic acids using conventional techniques, ¢.g. 5’-RACE, such
as disclosed in Freeman et al, Genome Research, 19: 1817-1824 (2009), after which sequence
tags may be attached by ligating sequence-tag-containing adaptors to one or both ends. In other
embodiments, when sequencing methods, such as “Illumina” sequencing or “lon Torrent”
sequencing, are used that produce relatively short and error-prone sequence reads, further steps
may be required so that amplicons for sequencing have lengths that are covered by sequence
reads generated from the techniques. In such tag attachment reactions, clonotype sequences
comprise linear single or double stranded polynucleotides and sequence tags are carried by
reagents such as amplification primers, such as PCR primers, ligation adaptors, circularizable
probes, plasmids, or the like. Several such reagents capable of carrying sequence tag populations
are disclosed in Macevicz, U.S. patent 8,137,936; Faham et al, U.S. patent 7,862,999; Landegren
et al, U.S. patent 8,053,188; Unrau and Deugau, Gene, 145: 163-169 (1994); Church, U.S. patent
5,149,625; and the like, which are incorporated herein by reference.

[0053] Figs. 2A and 2B illustrate an attachment reaction comprising a PCR in which a
population of sequence tags (T, T2, Tz ... Tj, Tjs1 ... Tx, Tis1 ... T, Ta) 18 incorporated into
primers (2100). The population of sequence tags has a much greater size than that of
recombined nucleic acid molecules (2102). The sequence tags are attached to the recombined
nucleic acid molecules by annealing the primers to the nucleic acid molecules and extending the
primers with a DNA polymerase in the first cycle of a PCR. The figure depicts how the
recombined nucleic acid molecules select, or sample, a small fraction of the total population of
sequence tags by randomly annealing to the primers by way of their common primer binding

regions (2104), for example, in V region (2108). Since the primers (an therefore sequence tags)
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combine with the recombined nucleic acid sequence molecules randomly, there is a small
possibility that the same sequence tag may be attached to different nucleic acid molecules;
however, if the population of sequence tags is large as taught herein, then such possibility will be
negligibly small so that substantially every recombined nucleic acid molecule will have a unique
sequence tag attached. The other primer (2106) of the forward and reverse primer pair anneals to
C region (2110) so that after multiple cycles of annealing, extending and melting, amplicon
(2112) is formed, thereby attaching unique sequence tags to the V(D)J regions comprising the
clonotypes of population (2102). That is, amplicon (2112) comprises the tag-molecule

conjugates from the attachment reaction.

[0054] Figs. 2C and 2D illustrate a method for attaching a pair of sequence tags to each, or
substantially each, recombined nucleic acid in a sample. As in the method of Figs. 2A and 2B,
primers (2200) carrying sequence tags (T1, To, Tz ... Tj, Tjii ... T, Tirt ... Tht, Ty) are used as
downstream primers and additionally, replacing common primer (2106), primers (2206)
carrying sequence tags (Tm, Tm+1, Tm+2 ... Tq, Tq+1, Tq+2, ... Tr, Tr+1, Tr+2, ... Ts, Ts+1,
Ts+2, ...) are used as upstream primers. As with the downstream set of primers, the number of
different sequence tags carried by upstream primers (2206) may be large compared to the
number of recombined nucleic acid molecules (2202) so that substantially every recombined
nucleic acid (2202) will have a unique tag after amplification. In some embodiments, cach set
of sequence tags in primers (2206) and (2200) need not be as large as the set of sequence tags in
the embodiment of Figs. 2A and 2B. Since each recombined nucleic acid is uniquely labeled by
a pair of sequence tags, sharing one sequence tag of the pair with a difference recombined
nucleic acid will not detract from the substantial uniqueness to a pair of sequence tags labelling a
single recombined nucleic acid. Thus, in the embodiment of Figs. 2C and 2D, sequence tags of
each primer set (2200) and (2206) may be less diverse than the sequence tags of primer set
(2100). For example, if random sequence tags are employed and primers (2100) contain 16-mer
sequence tags, then primers (2200) and (2206) may each contain 8-mer sequence tags to provide
the same total sequence tag diversity. Otherwise, the embodiment of Figs. 2C and 2D operates
similarly to that of Figs. 2A and 2B. Sequence tags are attached to the recombined nucleic acid
molecules by annealing the primers to the nucleic acid molecules and extending the primers with
a DNA polymerase in the first cycle of a PCR. As above, Fig. 2C depicts how the recombined
nucleic acid molecules select, or sample, a small fraction of the total population of pairs of
sequence tags by randomly annealing to the primers by way of their common primer binding
regions (2204) and (2205), for example, in V region (2208) and C region (2210), respectively.

Since the primers (an therefore sequence tags) combine with the recombined nucleic acid
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sequence molecules randomly, there is a small possibility that the same pair of sequence tags
may be attached to different nucleic acid molecules; however, if the population of sequence tags
is large as taught herein, then such possibility will be negligibly small so that substantially every
recombined nucleic acid molecule will have a unique pair of sequence tags attached. After
multiple cycles of annealing, extending and melting, amplicon (2212) is formed, thereby
attaching unique pairs of sequence tags to the V(D)J regions comprising the clonotypes of
population (2202). That is, amplicon (2212) comprises the tag-molecule conjugates from the

attachment reaction.

[0055] In some embodiments, circularizable probes may be used to capture and attach sequence
tags to desired recombined nucleic acids, for example, with routine modification of techniques
disclosed by Porreca et al (cited above); Willis et al (cited above); or like references. As
illustrated in Figs. 2E and 2F, circularizable probe (2302) is provided comprising the following
elements: upstream target binding segment (2304), downstream target binding segment (2306)
that has 5’-phosphorylated end (2305); sequence tag (2310); second common primer binding site
(2314); optional cleavage site (2308); and first common primer binding site (2312).
Circularizable probe (2302) is combined in a reaction mixture under annealing conditions with a
sample containing target polynucleotides (2300), which may be, for example, first or second
strands of a cDNA prepared from mRNAs using conventional techniques. As shown, targ