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(57) ABSTRACT

Provided herein 1s a circular proximity ligation assay 1in
which proximity-probes are employed as bridges to connect
two free oligonucleotides via a dual ligation event, resulting
in the formation of a circle. The circles are then quantified
by, e.g., gPCR. The addition of an extra oligonucleotide 1s
believed to enhance specificity by decreasing the probability
of random background ligation events. In addition, circle
formation may have selective advantages, as uncircularized
DNA can be removed by a simple exonuclease treatment and
it has streamlined the workflow by eliminating preamplifi-
cation prior to qPCR.

Specification includes a Sequence Listing.
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HIGHLY SPECIFIC CIRCULAR PROXIMITY
LIGATION ASSAY

CROSS-REFERENCING

[0001] This application 1s a continuation of U.S. applica-
tion Ser. No. 16/483,383, filed Aug. 2, 2019, which 15 a

national phase application under 35 U.S.C. § 371 of PCT
International Application No.: PCT/US2018/018859, filed
on Feb. 20, 2018, which claims the benefit of U.S. provi-
sional application Ser. No. 62/465,320, filed on Mar. 1,
2017, the contents of each of which are incorporated by
reference herein.

GOVERNMENT RIGHTS

[0002] This invention was made with Government support
under contract HG000205 awarded by the National Insti-
tutes of Health. The Government has certain rights in the
invention.

BACKGROUND

[0003] Quantitative detection of protein biomarkers in
biological fluids 1s essential for diagnosis, monitoring and
personalized treatment of disease. Despite considerable
progress 1n recent years the clinical use of validated pro-
teomic biomarkers remains limited (1). The benchmark for
aflinity-based protein measurements 1s defined by the
enzyme-linked immunosorbent assay (ELISA) where atlin-
ity ligands (e.g. antibodies) are used 1n a sandwich format to
detect and quantily the protein of interest (2, 3). ELISA
generally involves several steps starting with sample 1ncu-
bation where the target analyte i1s captured on a surface
precoated with primary antibodies, followed by washing
steps and recognition with a secondary antibody, which
facilitates detection with a colorimetric, fluorescent or lumi-
nescent label. ELISA oflers reasonable sensitivity but
requires a large sample volume, has limited dynamic range
and frequently suflers from false positives due to nonspecific
binding (4, 5). These limitations interfere with the discovery
and validation of novel biomarker candidates that have the
potential to enable early diagnosis and regular molecular
monitoring of disease.

[0004] Immunoassays combined with nucleic acid-based
amplification and detection have facilitated new approaches
and have extended the analytical sensitivity beyond that
achievable with ELISA (6-9). One particularly promising
approach 1s the proximity ligation assay (PLA) (10, 11). In
PLA, pairs of athnity probes are individually conjugated to
short, single-stranded DNA molecules to form proximity-
probes that carry either a phosphorylated 5'-end or a 3'-hy-
droxyl group. When the probe pairs subsequently bind to
their cognate target analyte 1n solution, the associated DNA
strands are brought into close proximity and aligned by
hybridization to a third bridging oligonucleotide. The free
DNA ends are ligated, forming a new DNA sequence that 1s
amplified and quantified using quantitative PCR (qPCR). It
has previously been demonstrated that PLA provides fem-
tomolar sensitivity and a wide dynamic range over 5 orders
of magnitude, consuming as little as 1 ul. of sample (12).
One key benefit of PLA 1s that 1t addresses the widespread
problem of cross-reactivity 1n antibody-based protein detec-
tion. Potential signals from cross-reactive antibodies are
climinated by tailoring the DNA sequences such that ligation
only takes place when cognate proximity-probes are bound
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to the target analyte. This technology has been applied to
detect more than 20 different biomarkers in clinical plasma
samples using panels of seven multiplex PLA reactions (13,
14). Others have expanded the multiplexing capability even
turther (15).

[0005] One of the limitations of aflinity-based immuno-
assays, mcluding PL A, 1s the so called hook effect in which
the signal decreases at high antigen concentrations resulting
in 1ncorrectly low signals or even false negatives (16). The
hook ellfect becomes predominant when the analyte concen-
tration exceeds the concentration of proximity-probes (>>1
nM) and 1t effectively determines the upper quantification
limit (17). The proximity-probe concentration can poten-
tially be increased, but must be carefully balanced against a
deteriorating signal-to-noise ratio from random background
ligation events when probes and the bridge oligo come
together by chance. The hook eflect can ordinarily be
avoided by sample dilution; however, dilution alters binding
equilibrium. This does not present a problem for high
aflinity 1nteractions but 1t may prevent low aflinity antibod-
ies to bind to their target analytes, thereby limiting the
cllectiveness of PLA to high-athnity capture agents (18).
While incompatibility with low-athinity antibodies 1s a major
drawback for PL A, it 1s not restricted to this assay alone. The
availability of high aflimity antibodies or other capture
reagents 1s a general limitation for all sandwich immunoas-
says because the sensitivity 1s ultimately determined by the
quality of the reagents used (19).

[0006] Numerous approaches have been developed to
improve PLA performance including concentration of min-
ute amounts of analyte on a solid-phase prior to ligation (10,
18, 20), use of multivalent proximity-probes (21), addition
of multiple aflinity probes (22, 23), special design of asym-
metric bridge oligos (17), inclusion of protecting oligonucle-
otides prehybridized to proximity-probes 1n order to reduce
background ligation events (22, 24), and the use of novel
amplification schemes (235-28). Some of the amplification
schemes entail enzymatic manipulations where the ligation
products are released from antibodies and converted into
circles used for 1sothermal rolling circle amplification (26,
29-31). Many of these approaches have improved assay
reproducibility, although precision still remains a challenge
for adaptation into clinical diagnostics.

[0007] As such, there 1s a need for new assays for detect-
ing analytes 1 a sample, particularly assays that can use
lower atlinity binding reagents.

SUMMARY

[0008] Provided herein, among other things, 1s a circular
proximity ligation assay in which proximity-probes are
employed as bridges to covalently join two free oligonucle-
otides via a dual ligation event, resulting in the formation of
a circle. The circles are then quantified by, e.g., gPCR. In
some embodiments, the method may comprise: incubating a
sample comprising a target analyte with: (1) a first conjugate
comprising a binding agent and {first splint oligonucleotide,
and (11) a second conjugate comprising a binding agent and
a second splint oligonucleotide, under conditions suitable
for binding of the binding agents of the first and second
conjugates to the target analyte, to produce a product,
incubating at least some of the product with: (1) a set of
probes that produces a ligatable circle only when the probes
are hybridized to the first and second splint oligonucleotides;
and (1) a ligase, to produce a reaction mix comprising
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covalently closed circular molecules, treating at least some
of the reaction mix with an exonuclease to terminate the
ligation and degrade any nucleic acid that 1s not a covalently
closed circular molecule; and, after the exonuclease treat-
ment, quantifying the amount of covalently closed circular
molecules produced 1n the ligation step. A kit for performing,
the method 1s also provided.

[0009] Relative to other methods, the addition of an extra
oligonucleotide 1s believed to enhance specificity by
decreasing the probability of random background ligation
events. In addition, circle formation has selective advan-
tages, as uncircularized DNA can be removed by a simple
exonuclease treatment and 1t has streamlined the workflow
by eliminating preamplification prior to qPCR. As a result,
this assay 1s believed to be much more straightforward than
not only prior assays, but most existing protein detection
methods, and can be performed 1n a single reaction tube with
a tiny sample volume (e.g., 2 ull). The assay format can
utilize the same proximity-probes as used in traditional
proximity ligation assays, which enables a direct perfor-
mance comparison between the two methods. Moreover, 1t
has been demonstrated that the enhanced specificity 1n this
assay can be used to increase proximity-probe concentration
while maintaining a low probability of background ligation
cvents. This results 1 a better signal-to-noise ratio,
improved assay performance and provides a path for com-
patibility with low afhnity reagents without the need for
pre-concentration on solid-phase.

[0010] Quantitative detection of protein biomarkers over a
wide concentration range from minute amounts of blood 1s
essential for clinical diagnostics. Proximity ligation assay
combines antibody-oligo conjugates, enzymatic ligation and
PCR amplification into a sensitive method for quantitative
protein detection from small volumes. The method herein
describes a streamlined and more stringent assay format that
takes advantage of DNA circle formation to remove
unwanted DNA molecules. Kinetic analysis ol antibody-
antigen 1interactions demonstrates that vanation in assay
performance between various biomarkers 1s an effect of
antibody quality. It has been shown that this new assay
format enables compatibility with low afhimity reagents, a
major limitation for most protein quantitation methods,
while improving sensitivity and reproducibility.

[0011] These and other features of the present teachings
are set forth herein.

BRIEF DESCRIPTION OF THE FIGURES

[0012] The skilled artisan will understand that the draw-
ings, described below, are for 1llustration purposes only. The
drawings are not itended to limit the scope of the present
teachings 1n any way.

[0013] FIG. 1. Schematic 1llustration of some of the fea-
tures of the probe system used herein.

[0014] FIG. 2. Schematic representation of traditional and
circular proximity ligation assay. a) Traditional proximity
ligation assay (t-PLA) detects proteins using pairs of anti-
body-DNA conjugates (red and blue) which are brought into
close proximity upon binding to target analyte. The addition
of a bridge oligonucleotide and DNA ligase enables ligation
of the antibody-tethered oligonucleotides to form a new
DNA sequence. Ligation 1s terminated by selective degra-
dation of the bridge oligonucleotide. The newly formed
ligation product 1s subsequently preamplified followed by
quantification using qPCR. b) In circular proximity ligation
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assay (c-PLA) the antibody-tethered oligonucleotides act as
bridges for two ligation events between Iree oligonucle-
otides resulting in the formation of a circular ligation
product. The addition of an extra oligonucleotide increases
stringency compared to traditional PLA as 1t lowers the
probability of random background ligation events since four
components must assemble 1n the absence of the target
analyte to generate an independent circular ligation product.
Circle formation also allows exonuclease treatment, which
terminates ligation and reduces background by degrading all
uncircularized DNA. The reduction 1 background also
simplifies the worktlow by eliminating the need for pream-
plification. Circular ligation products are quantified by

qPCR using primer sites spanning the newly formed junc-
tions (P1 and P2).

[0015] FIG. 3. Dose-response curves of traditional and
circular PL A for detection of VEGF (a), GDNF (b), IL-6 (c),

MIF (d), TNF-a (e), and IGF-II (1). The x-axis displays
antigen concentration and the y-axis an estimated number of
ligated molecules. The enhanced stringency for c-PLA 1s
demonstrated by a lower number of counts because of the
rigor imposed by circle formation, background reduction
through exonuclease treatment, elimination of preamplifi-
cation and tailored gPCR primer sites. Error bars denote one
standard deviation (n=9) and the dashed lines denote limit-

of-detection, defined as the mean signal of a blank sample+3
SD.

[0016] FIG. 4. Isoaflinity analysis and corresponding cir-
cular PLA performance for six biomarkers. a) Kinetic analy-
s1s reveals two distinct groups for K, values, one group with
high affinity (single digit pM) and another group with
ailinity above 50 pM. b) The differences 1n antibody ailini-
ties are directly reflected in the c-PLA dose-response curves,
where analytes with low K, values display limits-of-detec-
tion 1n the sub-pM range while the other group exhibits
limits-of-detection in the mid-pM range or higher.

[0017] FIG. 5. Comparison of proximity ligation assay
methods at different probe concentrations for TNF-c. a)
Circular proximity ligation assay (c-PLA) results offer larger
signal-to-background ratio than traditional PLA (t-PLA). b)
Individual components for 100 pM signal-to-noise ratio. The
greater signal-to-noise ratio for ¢c-PLA 1s a consequence of
higher stringency 1n c-PLA, which produces lower overall
signals and larger differences between positive signal (100
pM) and negative background noise. ¢) Dose-response
curves demonstrating that the higher signal-to-background
ratios result in a more than 10-fold improvement 1n limit-
of-detection (7 pM) for ¢c-PLA when the probe concentra-
tions are increased 10-fold compared to t-PLA (1x). Error
bars denote one standard deviation (n=9) and the dashed
lines denote limit-of-detection, defined as the mean signal of

a blank sample+3 SD.

[0018] FIG. 6. Performance of proximity ligation assays 1n
human plasma. a) Dose-response curves for VEGF detection
demonstrate assay compatibility for both PLA methods 1n
human and chicken plasma. The difference 1n limit-of-
detection between the two matrices 1s attributed to endog-
enous VEGF levels 1n human plasma that are absent 1n
chicken plasma. b) Dose-response curves for TNF-a detec-
tion 1n human plasma demonstrating improvement in assay
performance for c-PLA over t-PLA. A 10-fold increase in
probe concentration (10x=2.5 nM) improves reproducibility
for c-PLA while there 1s no improvement for t-PLA. Error
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bars denote one standard deviation (n=9) and the dashed
lines denote limit-of-detection, defined as the mean signal of

a blank sample+3 SD.

[0019] FIG. 7. Reaction scheme for proximity-probe con-
jugation. Antibodies are functionalized with an aromatic
hydrazine. Oligonucleotides are functionalized with an aro-
matic aldehyde via amine-modifications on 3' or 3'-ends.
Functionalized oligonucleotides are subsequently conju-
gated to the antibodies 1n the presence of an aniline catalyst.

[0020] FIG. 8. Preamplification comparison between cir-
cular and traditional PLA for VEGF. The difference 1n
counts (estimated number of ligated molecules) between
preamplified c-PL A and t-PLA reflects the increased rigor in
assay design for c-PLA.

[0021] FIG. 9. Schematic of Biacore biotin CAP chip (a)
and Fortebio protein G sensor (b).

[0022] FIG. 10. 1:1 binding model fit to SPR data 1n Table
3.
[0023] FIG. 11. Kinetic analysis using BLI. 1:1 binding

model fit to BLI data 1n Table 4 (a). Isoathnity graph for six
analytes determined by BLI (b). Isoaflinity lines for various
K, values are shown as diagonal lines.

[0024] FIG. 12. Modeling of antibody-antigen-antibody
complex formation at equilibrium. Equations used to deter-
mine the number of complexes formed (a). Fraction of
antigens that form Ab-Ag-Ab complexes at equilibrium.
Ab-Ag-Ab complexes formed after incubation of proximity-
probes (2.5x107"° M) with antigen in 4 uL volume (b) and
alter addition of ligation cocktail containing the connector
oligos and ligase 1n 124 ulL volume (c). Ab-Ag-Ab com-
plexes formed after incubation of proximity-probes (2.5x
10~® M, 100-fold increase) with antigen in 4 uL. volume (d)
and after addition of ligation cocktail containing the con-
nector oligos and ligase 1n 124 ul. volume (e).

DEFINITIONS

[0025] Unless defined otherwise herein, all technical and
scientific terms used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which this mvention belongs. Although any methods and
materials similar or equivalent to those described herein can
be used 1n the practice or testing of the present invention, the
preferred methods and materials are described.

[0026] All patents and publications, including all
sequences disclosed within such patents and publications,
referred to herein are expressly incorporated by reference.

[0027] Numeric ranges are inclusive of the numbers defin-
ing the range. Unless otherwise indicated, nucleic acids are
written left to rnight mn 5" to 3' orientation; amino acid
sequences are written left to right in amino to carboxy
orientation, respectively.

[0028] The headings provided herein are not limitations of
the various aspects or embodiments of the invention.
Accordingly, the terms defined immediately below are more
tully defined by reference to the specification as a whole.

[0029] Unless defined otherwise, all technical and scien-
tific terms used herein have the same meaning as commonly

understood by one of ordinary skill in the art to which this
invention belongs. Singleton, et al., DICTIONARY OF

MICROBIOLOGY AND MOLECU. JAR BIOLOGY, 2D
ED., John Wiley and Sons, New York (1994), and Hale &
Markham THE HARPER COLLINS DICTIONARY OF
BIOLOGY, Harper Perenmal, N.Y. (1991) provide one of
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skill with the general meaning of many of the terms used
herein. Still, certain terms are defined below for the sake of
clarity and ease of reference.

[0030] The term “‘sample” refers to a sample of organic
material from a biological source and, as such, may com-
prise protein, nucleic acid, carbohydrates, small molecules,
ctc. A sample may be from an amimal, mcluding human,
fluid, solid (e.g., stool) or tissue, as well as liquid and solid
food and feed products and ingredients such as dairy items,
vegetables, meat and meat by-products, and waste. Biologi-
cal samples may include materials taken from a patient
including, but not limited to cultures, blood, saliva, cerebral
spinal fluid, pleural fluid, milk, lymph, sputum, semen,
needle aspirates, and the like. Biological samples may be
obtained from all of the various families of domestic ani-
mals, as well as feral or wild amimals, including, but not
limited to, such animals as ungulates, bear, fish, rodents, etc.
Environmental samples include environmental material such
as surface matter, soil, water and industrial samples, as well
as samples obtained from food and dairy processing instru-
ments, apparatus, equipment, utensils, disposable and non-
disposable 1tems. These examples are not to be construed as
limiting the sample types applicable to the present invention.
[0031] The term “specific binding” refers to the ability of
a binding reagent to preferentially bind to a particular
analyte that 1s present in a homogeneous mixture of different
analytes. In certain embodiments, a specific binding inter-
action will discriminate between desirable and undesirable
analytes 1n a sample, 1n some embodiments more than about
10 to 100-fold or more (e.g., more than about 1000- or
10,000-1old).

[0032] The term “athnity” refers to the strength of binding
between two entities. The aflinity between two proteins (e.g.,
a capture agent and an analyte) when they are specifically
bound together 1n a capture agent/analyte complex may be
characterized by a K., (equilibrium dissociation constant) of
less than 107° M, less than 10" M, less than 10™° M, less
than 10™° M, less than 107'° M, less than 10~'' M, or less
than about 10‘12 M.

[0033] The term “‘epitope” as used herein 1s defined as a
site 1n an antigen molecule that 1s bound by an antibody or
non-antibody scaflold. An antigen can have one or more
epitopes. In some cases, an epitope can be a linear sequence
of at least five amino acids. In some cases, an antibody will
only bind to an antigen molecule 11 the epitope has a specific
three-dimensional structure.

[0034] A “‘subject” of diagnosis or treatment 1s a plant or
amimal, including a human. Non-human animals subject to
diagnosis or treatment include, for example, livestock and
pets.

[0035] As used herein, the term “incubating” refers to
maintaining a sample and binding agent under conditions
that are suitable for specific binding of the binding agent to
molecules 1n the sample. Such conditions typically include
a period of time, a temperature, and an appropriate binding
bufler (e.g., PBS or the like). Such conditions are well
known for antibodies, aptamers, and other binding agents.

[0036] The term “‘nucleotide” 1s itended to include those
moieties that contain not only the known purine and pyrimi-
dine bases, but also other heterocyclic bases that have been
modified. Such modifications include methylated purines or
pyrimidines, acylated purines or pyrimidines, alkylated ribo-
ses or other heterocycles. In addition, the term “nucleotide”
includes those moieties that contain hapten or fluorescent
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labels and may contain not only conventional ribose and
deoxyribose sugars, but other sugars as well. Modified
nucleosides or nucleotides also include modifications on the
sugar moiety, €.g., wherein one or more of the hydroxyl
groups are replaced with halogen atoms or aliphatic groups,
are functionalized as ethers, amines, or the likes.

[0037] The terms “nucleic acid” and “polynucleotide”™ are
used interchangeably herein to describe a polymer of any
length, e.g., greater than about 2 bases, greater than about 10
bases, greater than about 100 bases, greater than about 500
bases, greater than 1000 bases, up to about 10,000 or more
bases composed of nucleotides, e.g., deoxyribonucleotides,
ribonucleotides or a combination thereof, and may be pro-
duced enzymatically or synthetically (e.g., PNA as described
in U.S. Pat. No. 5,948,902 and the references cited therein)
and which can hybridize with naturally occurring nucleic
acids 1n a sequence speciiic manner analogous to that of two
naturally occurring nucleic acids, e.g., can participate in
Watson-Crick base pairing interactions. Naturally-occurring
nucleotides include guanine, cytosine, adenine, thymine,
uracil (G, C, A, T and U respectively). DNA and RNA have
a deoxyribose and ribose sugar backbone, respectively,
whereas PNA’s backbone 1s composed of repeating N-(2-
aminoethyl)-glycine units linked by peptide bonds. In PNA
vartous purine and pyrimidine bases are linked to the
backbone by methylene carbonyl bonds. A locked nucleic
acid (LNA), often referred to as an inaccessible RNA, 1s a
modified RNA nucleotide. The ribose moiety of an LNA
nucleotide 1s modified with an extra bridge connecting the 2'
oxygen and 4' carbon. The bridge “locks” the ribose in the
3'-endo (North) conformation, which 1s often found in the
A-form duplexes. LNA nucleotides can be mixed with DNA
or RNA residues 1n the oligonucleotide whenever desired.
The term “‘unstructured nucleic acid”, or “UNA”, 1s a
nucleic acid containing non-natural nucleotides that bind to
cach other with reduced stability. For example, an unstruc-
tured nucleic acid may contain a G' residue and a C' residue,
where these residues correspond to non-naturally occurring,
forms, 1.e., analogs, of G and C that base pair with each other
with reduced stability, but retain an ability to base pair with
naturally occurring C and G residues, respectively. Unstruc-
tured nucleic acid 1s described 1n US20050233340, which 1s

incorporated by reference herein for disclosure of UNA.

[0038] The term “oligonucleotide™ as used herein denotes
a single-stranded multimer of nucleotides of from about 2 to
200 nucleotides, up to 500 nucleotides 1n length. Oligo-
nucleotides may be synthetic or may be made enzymatically,
and, 1n some embodiments, are 30 to 150 nucleotides in
length. Oligonucleotides may contain ribonucleotide mono-
mers (1.€., may be oligoribonucleotides) or deoxyribonucle-
otide monomers. An oligonucleotide may be 10 to 20, 21 to
30,31 to 40, 41 to 50, 51 to 60, 61 to 70, 71 to 80, 80 to 100,
100 to 150 or 150 to 200 nucleotides 1n length, for example.
Oligonucleotides can have nucleotide analogs and, 1n some
embodiments, at least some of the linkages between the
nucleotides do not need to be phosphate. In some embodi-
ments, an oligonucleotide can have a phosporothioate link-
age, particularly at the 3' end and/or 3' end of the oligo-
nucleotide.

[0039] The term “primer” as used herein refers to an
oligonucleotide that 1s capable of acting as a point of
initiation of synthesis when placed under conditions 1n
which synthesis of a primer extension product, which 1s
complementary to a nucleic acid strand, 1s induced, 1.e., 1n
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the presence of nucleotides and an inducing agent such as a
DNA polymerase and at a suitable temperature and pH. The
primer may be single-stranded and must be sufliciently long
to prime the synthesis of the desired extension product in the
presence of the inducing agent. The exact length of the
primer will depend upon many factors, including tempera-
ture, source of primer and use of the method. For example,
for diagnostic applications, depending on the complexity of
the target sequence, the oligonucleotide primer typically
contains 15-25 or more nucleotides, although it may contain
fewer nucleotides. The primers herein are selected to be
substantially complementary to diflerent strands of a par-
ticular target DNA sequence. This means that the primers
must be sufliciently complementary to hybridize with their
respective strands. Therefore, the primer sequence need not
reflect the exact sequence of the template. For example, a
non-complementary nucleotide fragment may be attached to
the 5' end of the primer, with the remainder of the primer
sequence being complementary to the strand. Alternatively,
non-complementary bases or longer sequences can be inter-
spersed 1nto the primer, provided that the primer sequence
has suflicient complementarity with the sequence of the
strand to hybrnidize therewith and thereby form the template
for the synthesis of the extension product.

[0040] The term “hybridization™ or “hybridizes™ refers to
a process 1n which a nucleic acid strand anneals to and forms
a stable duplex, either a homoduplex or a heteroduplex,
under normal hybridization conditions with a second
complementary nucleic acid strand, and does not form a
stable duplex with unrelated nucleic acid molecules under
the same normal hybridization conditions. The formation of
a duplex 1s accomplished by annealing two complementary
nucleic acid strands 1 a hybridization reaction. The hybrid-
ization reaction can be made to be highly specific by
adjustment of the hybridization conditions (oiten referred to
as hybridization stringency) under which the hybridization
reaction takes place, such that hybridization between two
nucleic acid strands will not form a stable duplex, e.g., a
duplex that retains a region of double-strandedness under
normal stringency conditions, unless the two nucleic acid
strands contain a certain number of nucleotides 1n specific
sequences which are substantially or completely comple-
mentary. “Normal hybridization or normal stringency con-
ditions™ are readily determined for any given hybridization
reaction. See, for example, Ausubel et al., Current Protocols
in Molecular Biology, John Wiley & Sons, Inc., New York,
or Sambrook et al., Molecular Cloning: A Laboratory
Manual, Cold Spring Harbor Laboratory Press. As used
herein, the term “hybridizing” or “hybridization™ refers to
any process by which a strand of nucleic acid binds with a
complementary strand through base pairing.

[0041] The term “binding agents™ refers to any member of
a pair ol molecules that specifically bind to each other. For
example, an antibody (a type of capture agent) binds to an
antigen. In this example, both the antibody and the antigen
can be a binding agent. The complex that contains a pair of
binding agents contains a capture agent (e.g., an antibody or
a non-antibody scatfold) and a moiety that 1s not a capture
agent, e.g., a protein, a metabolite, small molecule, carbo-
hydrate, drug, etc.

[0042] The term “capture agent” refers to proteins that
have a domain that specifically binds to other moieties. For
example, antibodies and non-antibody binding scafiolds that
have the ability to specifically bind to another moiety.
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Non-antibody binding proteins include aptamers and non-
antibody proteins such as those described 1n Binz et al. (Curr
Opin Biotechnol. 2005 16:459-69), Binz et al. (Nat. Bio-
technol. 2005 23:1257-68), Forrer et al. (Chembiochem.
2004 5:183-9), Gronwall et al. (J. Biotechnol. 2009 140:
254-69), Hosse et al. (Protein Sci. 2006 15:14-27) and
Skerra et al. (Curr. Opin. Biotechnol. 2007 18:2935-304),
which are incorporated by reference herein.

[0043] The terms “antibody” and “immunoglobulin™
include antibodies or immunoglobulins of any 1sotype, frag-
ments of antibodies which retain specific binding to antigen,
including, but not limited to, Fab, Fv, scFv, and Fd frag-
ments, chimeric antibodies, humanized antibodies, single-
chain antibodies, polyclonal antibodies (which may or may
not be athnity purified), monoclonal antibodies, and fusion
proteins comprising an antigen-binding portion of an anti-
body and a non-antibody protein. This term encompasses by
antibody fragments (e.g., Fab', Fv, F(ab')2 etc.) that retain
specific binding to antigen. An antibody may be monovalent
or bivalent.

[0044] A nucleic acid 1s considered to be “selectively
hybridizable” to a nucleic acid sequence i1f the two
sequences specifically hybridize to one another under mod-
erate to high stringency hybridization and wash conditions.
Moderate and high stringency hybridization conditions are
known (see, e€.g., Ausubel et al., Short Protocols 1n Molecu-
lar Biology, 3rd ed., Wiley & Sons 1995 and Sambrook et
al., Molecular Cloming: A Laboratory Manual, Third Edition,
2001 Cold Spring Harbor, N.Y.). One example of high
stringency conditions includes hybridization at about 42 Cin
50% formamide, SxSSC, 5xDenhardt’s solution, 0.5% SDS
and 100 ug/ml denatured carrier DNA followed by washing
two times 1 2xSSC and 0.5% SDS at room temperature and
two additional times 1n 0.1xSSC and 0.5% SDS at 42° C.
[0045] The term “duplex,” or “duplexed,” as used herein,
describes two complementary polynucleotides that are base-
paired, 1.e., hybridized together.

[0046] The terms “determining,” “measuring,” “evaluat-
ing,” “assessing,” “assaying,” and “analyzing” are used
interchangeably herein to refer to any form of measurement,
and include determining if an element 1s present or not.
These terms include both quantitative and/or qualitative
determinations. Assessing may be relative or absolute.
“Assessing the presence of” includes determining the
amount of something present, as well as determining
whether 1t 1s present or absent.

[0047] The term “ligating”, as used herein, refers to the
enzymatically catalyzed joining of the terminal nucleotide at
the 5" end of a first nucleic acid molecule to the terminal
nucleotide at the 3' end of a second nucleic acid molecule.
[0048] The terms “plurality™, “set” and “population™ are
used interchangeably to refer to something that contains at
least 2 members. In certain cases, a plurality may have at
least 10, at least 100, at least 100, at least 10,000, at least
100,000, at least 10°, at least 107, at least 10® or at least 10

Or more members.

[0049] The term “strand’™ as used herein refers to a nucleic
acid made up of nucleotides covalently linked together by
covalent bonds, e.g., phosphodiester bonds.

[0050] The term “covalently linking” refers to the produc-
tion of a covalent linkage between two separate molecules.
Ligation produces a covalent linkage.

[0051] As used herein, the term “ligatably adjacent” 1n the
context of two oligonucleotide sequences that are ligatably

- B4 4 A Y 4
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adjacent to one another, means that there are no intervening
nucleotides between two oligonucleotides and they can be
ligated to one another.

[0052] As used herein, the term “splint oligonucleotide,”
as used herein, refers to an oligonucleotide that, when
hybridized to two or more other polynucleotides, acts as a
“splint” to position the 5' and 3' ends of two other poly-
nucleotides next to one another so that they can be ligated
together, as 1llustrated 1n FIG. 1.

[0053] The terms “ligatable circle” and “ligatable circular
complex” refer to a circular complex 1 which the various
oligonucleotides are ligatably adjacent to one another 1n a
circle, held together by splint oligonucleotides, as 1llustrated
in FIG. 1.

[0054] As used herein, the term *“‘a set of probes that
produces a ligatable circle only when the probes are hybrid-
1zed to first and second splint oligonucleotides” comprises a
pair of probes that (a) contains ends that hybridize to
different splint oligonucleotides (1.e., a first splint oligo-
nucleotide and a second splint oligonucleotide) and (b)
hybridize to the first and second splint oligonucleotides to
form a ligatable circle. In a complex comprising a first probe
molecule and a second probe molecule, the 5' end of the first
probe molecule 1s ligatably adjacent to the 3' end of the
second probe molecule and the 3' end of the first probe
molecule 1s ligatably adjacent to the 3' end of the second
probe molecule. In this example, two ligation events are
required for circulanization. The term “only” 1n this phrase
1s intended to mean that the probes do not produce a
ligatable circle 11 they are hybridized to only one of the first
and second splint oligonucleotides (i.e., only one but not the
other). A set of “probes that produces a ligatable circle only
when the probes are hybridized to the first and second splint
oligonucleotides™ 1s 1llustrated 1n FIG. 1.

[0055] As used herein, the term “covalently closed circu-
lar molecule” refers to a strand that 1s 1n the form of a closed
circle that has no free 3' or 3' ends.

[0056] The term ‘“‘corresponds to” and grammatical
equivalents, e.g., “corresponding’, as used herein refers to a
specific relationship between the elements to which the term
refers. For example, an RCA product corresponds to an
analyte 1f the RCA product can be used to quantily that
analyte in a sample.

[0057] As used herein, the term “rolling circle amplifica-
tion” or “RCA” for short refers to an 1sothermal amplifica-
tion that generates linear concatemerized copies of a circular
nucleic acid template using a strand-displacing polymerase.
RCA 1s well known 1n the molecular biology arts and 1is

described 1n a varniety of publications including, but not
limited to Lizardi et al. (Nat. Genet. 1998 19:225-232),

Schweitzer et al. (Proc. Natl. Acad. Sci. 2000 97:10113-
10119), Wiltshire et al. (Clin. Chem. 2000 46:1990-1993)
and Schweitzer et al. (Curr. Opin. Biotech 2001 12:21-27),
which are incorporated by reference herein. This term
includes linear RCA as well as exponential RCA (which can
use random primers 1n some cases).

[0058] As used herein, the term “rolling circle amplifica-
tion products™ refers to the concatamerized products of a
rolling circle amplification reaction.

[0059] As used herein, the term “counting” refers to
determining the number of individual objects 1n a greater
collection. “Counting” requires detecting separate signals
from 1ndividual objects 1n a plurality (not a collective signal
from the plurality of objects) and then determining how
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many objects there are in the plurality by counting the
individual signals. In the context of the present method,
“counting’” 1s done by determining the number of individual
signals 1n an array of signals.

[0060] Other definitions of terms may appear throughout
the specification.

DESCRIPTION OF EXEMPLARY
EMBODIMENTS

[0061] Provided herein 1s a method for sample analysis. In
some embodiments, the method may comprise: (a) incubat-
ing a sample comprising a target analyte with: (1) a first
conjugate comprising a binding agent and first splint oligo-
nucleotide, and (11) a second conjugate comprising a binding,
agent and a second splint oligonucleotide, under conditions
suitable for binding of the binding agents of the first and
second conjugates to the target analyte, to produce a product,
(b) incubating at least some of the product with: (1) a set of
probes that produces a ligatable circle only when the probes
are hybridized to the first and second splint oligonucleotides;
and (1) a ligase, to produce a reaction mix comprising
covalently closed circular molecules, (c) treating at least
some of the reaction mix with an exonuclease to terminate
the ligation and degrade any nucleic acid that is not a
covalently closed circular molecule; and, (d) after step (c),
quantifying the amount of covalently closed circular mol-
ecules produced in the ligation step, 1.e., the covalently
closed circular molecules comprising the probes of step (b).
[0062] FIG. 1 schematically i1llustrates some of the com-
ponents used 1n the present method. FIG. 1 shows: a first
conjugate 2 comprising a binding agent 4 and first splint
oligonucleotide 6, and (11) a second conjugate 8 comprising
a binding agent 10 and a second splint oligonucleotide 12.
As shown, the first conjugate 2 and the second conjugate 8
are distinct molecules. As 1illustrated, probe set 14 comprises
a first probe 16 and a second probe 18, the ends of which
hybridize to the first splint oligonucleotide 6 and the second
splint oligonucleotide 12 to produce a ligatable circle 19 that
contains two nicks, 20 and 22. In this complex, the 5' end of
the first probe 1s ligatably adjacent to the 3' end of the second
probe and the 3' end of the first probe 1s ligatably adjacent
to the 3' end of the second probe. Nicks 20 and 22 can be
sealed by a ligase, thereby producing a covalently circular
molecule 24 that has ligation junctions 26 and 28. As shown,
two ligation events are required for circularization. As noted
above, ligatable circle 19 can only be produced when the
probes 16 and 18 are hybridized to the first splint oligo-
nucleotide 6 and the second splint oligonucleotide 12, mean-
ing that a ligatable circle 1s not produced when it 1s hybrid-
1zed to only one or neither of the splint oligonucleotides.
Because the ligatable circle can only be produced when both
of the splint oligonucleotides are physically proximal to one
another, the ligatable circle should only form when a mol-
ecule of the first conjugate 2 and a molecule of the second
conjugate 8 bind to the same target analyte molecule. Some

of the principles of other proximity ligation assays are
described 1n Fredriksson (Nat. Biotechnol. 2002 20: 473-7)
and Gullberg (Proc. Natl. Acad. Sci. 2004 101: 8420-4).

[0063] In some embodiments, the binding agents of the
first and second conjugates are capture agents. In these
embodiments, the method for sample analysis may com-
prise: (a) incubating a sample comprising an target analyte
with: (1) a first conjugate comprising a capture agent and a
first splint oligonucleotide, and (11) a second conjugate
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comprising a capture agent and a second splint oligonucle-
otide, under conditions suitable for binding of the capture
agents of the first and second conjugates to the target
analyte, to produce a product, (b) incubating at least some of
the product of step (a) with: (1) a set of probes that produces
a ligatable circle only when the probes are hybridized to the
first and second splint oligonucleotides; and (11) a ligase, to
produce a reaction mix comprising covalently closed circu-
lar molecules, (c) treating at least some of the reaction mix
of step (b) with an exonuclease to terminate the ligation and
degrade any nucleic acid that 1s not a covalently closed
circular molecule; and (d) after step (c¢), quantifying the
amount of covalently closed circular molecules produced 1n
step (b).

[0064] Forexample, 1n some embodiments, the proteins of
the first and second conjugates may be polyclonal antibod-
ies, e.g., allinity-selected polyclonal antibodies, 1.e., anti-
bodies that have been obtained from an animal that has been
immunized with the target analyte, or portion thereof. In
these embodiments, two portions of a single batch of poly-
clonal antibody may be linked to diflerent splint oligonucle-
otides, as described below. In other embodiments, the bind-
ing agents of the first and second conjugates may be matched
monoclonal antibodies, where matched monoclonal antibod-
ies bind to different sites 1n the antigen. Alternative non-
antibody capture agents include, but are not limited to,

aptamers and non-antibody proteins such as those described
in Binz et al. (Curr Opin Biotechnol. 2005 16:459-69), Binz

et al. (Nat. Biotechnol. 2005 23:1257-68), Forrer et al.
(Chembiochem. 2004 5:183-9), Gronwall et al. (J. Biotech-
nol. 2009 140:254-69), Hosse et al. (Protemn Sci. 2006
15:14-27) and Skerra et al. (Curr. Opin. Biotechnol. 2007
18:295-304), which are incorporated by reference herein.

[0065] In some embodiments, the binding agents of the
first and second conjugates are not capture agents. In these
embodiments, the target analyte may be an antibody (which,
in i1ts native form, contains two binding sites and, as such,
can bind to two other molecules). In these embodiments, the
method for sample analysis may comprise: (a) incubating a
sample comprising an antibody with: (1) a first conjugate
comprising a non-capture agent moiety, e.g., a protein, and
a first splint oligonucleotide, and (i11) a second conjugate
comprising a non-capture agent moiety, €.g., a protein and a
second splint oligonucleotide, under conditions suitable for
binding of the non-capture agent moieties of the first and
second conjugates to the antibody, to produce a product, (b)
incubating at least some of the product of step (a) with: (1)
a set of probes that produces a ligatable circle only when the
probes are hybridized to the first and second splint oligo-
nucleotides; and (11) a ligase, to produce a reaction mix
comprising covalently closed circular molecules; (¢) treating
at least some of the reaction mix of step (b) with an
exonuclease to terminate the ligation and degrade any
nucleic acid that 1s not a covalently closed circular molecule;
and (d) after step (¢), quantiiying the amount of covalently
closed circular molecules produced in step (b). In these
embodiments, two portions of a single batch of an 1solated
non-capture agent moiety, €.g., a protein, may be linked to
different splint oligonucleotides, and used in the method.

[0066] Insome embodiments, the binding agent may have

a low aflinity for the target analyte and some embodiments
may have a K, in the range of 10> M to 10™° M, 10~ M to
107® M or 10> M to 107 M. In these embodiments, the

binding agent may be a polyclonal antibody.
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[0067] If the binding agent in a conjugate 1s an antibody,
the antibody may be a “natural” antibody 1n which the heavy
and light chains have been naturally selected by the immune
system of a multi-cellular organism. Such antibodies have a
stereotypical “Y’-shaped molecule that consists of four
polypeptide chains; two 1dentical heavy chains and two
identical light chains connected by disulfide bonds. In other
cases, an antibody may be an antibody fragment, a single
chain antibody, or a phage display antibody, for example. An
antibody may be a monoclonal antibody or a polyclonal
antibody. I1 the antibodies used 1n the method are monoclo-
nal, the antibodies bind to different epitopes. If polyclonal
antibodies are used, an animal may be immunized with a
single analyte (e.g., a protemn) or portion thereof and a
polyclonal population of antibodies may be athnity purified
from the animal using the analyte or portion thereof. The
allinity purified antibodies can be split and a first portion of
the antibody population can be conjugated to the first splint
oligonucleotide and a second portion of the antibody popu-

lation can be conjugated to the second splint oligonucle-
otide.

[0068] If the binding agent 1n a conjugate 1s a non-capture
agent polypeptide, the polypeptide may be prepared, a first
portion (e.g., an aliquot) of the polypeptide may be linked to
the first splint oligonucleotide, a second portion (e.g., an
aliquot) of the polypeptide may be linked to the second
splint oligonucleotide, and the products may be used to
quantily the amount of an antibody that binds to the protein.
Antibodies, 1n their natural form, contain two binding sites
and, as such, the method can be readily implemented using
a single polypeptide.

[0069] In a conjugate, the binding agent and splint oligo-
nucleotide may be linked non-covalently (e.g., via a strepta-
vidin/biotin 1nteraction) or covalently (e.g., via a cycload-
dition reaction or alternative chemistry). The splint
oligonucleotide and the binding agent can be linked together
via a number of different methods, including those that use
a maleimide or halogen-containing group, which are cyste-
ine-reactive. Oligonucleotides may be linked to agents, e.g.,

antibodies, using any convenient method (see, e.g., Gong et
al., Bioconjugate Chem. 2016 27: 217-225 and Kazane et al.,

Proc Natl Acad Sci 2012 109: 3731-3736). A variety of
linkage methods are available. For example, the splint
oligonucleotides may be linked to the capture agents directly
using any suitable chemical moiety on the capture agent
(e.g., a cysteine residue or via an engineered site). In other
embodiments, the splint oligonucleotides may be linked to
the capture agents directly or indirectly via a non-covalent
interaction, e.g., via a biotin/streptavidin or an equivalent
thereol, via an aptamer or secondary antibody, or via a
protein-protein interaction such as a leucine-zipper tag inter-
action or the like. The binding agent and the oligonucleotide
may be linked at a site that 1s proximal to or at the 5' end of
the oligonucleotide, proximal to or at the 3' end of the
oligonucleotide, or anywhere in-between.

[0070] In some embodiments, each end of the probes is
perfectly complementary to at least 6 contiguous nucleotides
(e.g., 6 to 50 or 8 to 30 contiguous nucleotides, e.g., 6, 7, 8
or more nucleotides) of the splint oligonucleotides, although
the method 1s expected to work 11 there are a few mismatches
that do not significantly interfere with hybrnidization or
ligation. In some embodiments, the oligonucleotides may be
linked to the agents by a linker that spaces the oligonucle-
otide from the agents, 11 needed.
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[0071] In some embodiments, the initial steps of the
method may comprise combining a volume of a liquid
sample with the conjugates 1n a suitable binding bufler,
incubating the mix for a period of time, and then adding the
probes and ligase to the mix. This 1nitial step may be done
by adding a relatively small volume of sample (e.g., 1-5 ulL)
directly to larger volume of the first and second conjugates
in a binding butler (e.g., 10 ulL to 50 uLL of bufler). In these
embodiments, the sample may be diluted by at least 2x, at
least 3x, at least 4x, at least 5x, or at least 10x. In the ligation
step, the ligase used can be a ligase that has a substrate
preference for sealing nicks 1n double-stranded DNA mol-
ecules, rather than for ligating single stranded DNA mol-
ecules together, thereby lowering background ligations.
After the covalently closed circular molecules have been
produced, the method may comprise treating at least some of
the reaction mix with an exonuclease to terminate the
ligation and degrade any nucleic acid that 1s not a covalently
closed circular molecule. In some cases, the exonuclease
may comprise both exonuclease 1 and exonuclease III,
although other one or more other exonucleases, €.g., €xo-
nuclease T, exonuclease V, exonuclease VII, T5 exonuclease
or 17 exonuclease could be used 1nstead 1n some cases. In
some embodiments, the exonuclease treatment step may be
implemented by directly adding the one or more exonu-
cleases to the ligation. The exonuclease treatment step
should terminate the ligation and degrade any nucleic acid
that 1s not a covalently closed circular molecule. This step
cannot be incorporated into other methods 1 which the
binding agents are linked to oligonucleotides that are used
primers because, as would be apparent, the exonuclease
would destroy the primers. In the present method, the first
and second splint oligonucleotides are solely used as splints
for ligating the probes together. The method does not
comprise using the splint oligonucleotides as primers to
amplify the covalently closed circular molecules. After
exonuclease treatment, the exonucleases can be 1nactivated
by any convemient method. In some embodiments, the
exonucleases can be inactivated by heat treatment, e.g., by
heating the reaction to a temperature of at least 60° C. for an
extended period of time, e.g., at least 10 minutes. The
conditions used for inactivating the exonuclease may depend
on the exonucleases used.

[0072] Adter the covalently closed circular molecules are
made, the method comprises quantitying the amount of
covalently closed circular molecules. This may be done by
a variety of different ways, with or without a preamplifica-
tion step, e.g., by quantitative PCR or endpoint PCR (e.g.,
digital PCR, which can be implemented on plates or in
droplets), using microarrays, or by sequencing. In sequenc-
ing embodiment, one or more of the probes may be indexed,
which allows the molecules to be counted after sequencing.

[0073] In some embodiments, the covalently closed cir-
cular molecules may be quantified by quantitative PCR
(qPCR), which assay may employ a double-stranded DN A -
specific dye or a hydrolysis probe (e.g., a TagMan assay or
the like). Such quantitative PCR assays typically use a first
primer that hybridizes to the covalently closed circular
molecule and a second primer that hybridizes to the comple-
ment of the covalently closed circular molecule, thereby
allowing part of the sequence of the covalently closed
circular molecule to be amplified by PCR. In some embodi-
ments, the first and second primers used for quantitative
PCR may target the ligation junctions in the covalently
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closed circular molecules, thereby making the qPCR more
specific. In these embodiments, the first primer hybridizes to
a sequence that encompasses one of the ligation junctions,
and the second primer hybridizes to the complement of a
sequence that encompasses the other of the ligation junc-
tions. In these embodiments, the 3' end of the first and
second primers may extend one, two, three or, 1n some cases,
four or more nucleotides past the ligation junction. In some
embodiments, no pre-amplification of the covalently closed
circular molecule 1s required prior to performing gPCR.
Such pre-amplification methods typically used primers that
bind to sites that are outside of the sites bound by the qPCR
primers (such that the pre-amplification primers and the
gPCR primers have a nested relationship). As such, the
gPCR may be done without a pre-amplification step. Alter-
natively, the covalently closed circular molecules may be
quantified by amplitying the covalently closed circular mol-
ecules by rolling circle amplification (RCA) to produce
RCA products, and counting the RCA products. Such meth-
ods may be adapted from Larsson et al. (Nature Methods
2004 1: 2277-232) among others. Several other methods for
quantifying circular nucleic acid molecules are known or
would be apparent to one of ordinary skill in the art.

[0074] In some embodiments, the initial steps of the
method (up until the quantification step) can be implemented
in a “single tube” format, in which reagent (e.g., enzyme,
probes, etc.) are added directly to the prior reaction (after the
reaction has been completed). In these embodiments, the
binding, probe hybridization/ligation and exonuclease reac-
tions (1.e., steps (a)-(c)) may be done in the same vessel.
Specifically, the probe hybridization/ligation step (step (b))
may comprise adding reagents (the probes and ligase) to the
vessel comprising the product of the binding step (step (a)),
and the exonuclease treatment (step (¢)) may comprises
adding reagents (one or more exonucleases) to the vessel
comprising the ligation product (of step (b)).

[0075] The method can be multiplexed using diflerent sets
of first and second conjugates for each target analyte. In
these embodiments, the splint oligonucleotides of the con-
jugates that bind to a first analyte as well as the probes that
hybridize to those splint oligonucleotides may be diflerent
from the splint oligonucleotides of the conjugates that bind
to a second analyte as well as the probes that hybridize to
those splint oligonucleotides. Since the diflerent probe sets
have diflerent sequences, they can be assayed independently
from one another by gqPCR. As such, in some embodiments
the sample may comprise a plurality of analytes, step (a) of
the method may comprise incubating the sample with mul-
tiple pairs of said first and second conjugates, wherein each
pair of conjugates binds to a diflerent analyte; and step (d)
comprises quantifying the number of covalently closed
circular molecules corresponding to each analyte. In some
embodiments, the analytes may be quantified in the same
reaction, e.g., using multiplex gPCR. In other embodiments,
the analytes may be quantified in different assays. In some
embodiments, the analytes may be quantified i different
assays, where each assay 1s, itself, a multiplex assay that
contains an internal control (which can be used to, e.g.,
normalize the amount of the target analyte across samples).
At least 2, at least 5 or at least 10 or more analytes may be

quantified 1n a multiplexed manner using the present
method.

[0076] The target analyte detected by the method may be
any type of biological molecule to which antibodies can bind
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to different sites. Proteins are one type of target analyte. In
some embodiments, both conjugates may bind to a single
protein. In other embodiments, the analyte may be a com-
plex of proteins. In these embodiments, the first and second
binding agents may bind to different proteins 1n the complex.

[0077] In some embodiments, sample 1s a bodily fluid or
a processed form thereof. Bodily fluids of interest include
plasma, saliva and urine, although several other bodily fluids
may be used 1n the present method. Bodily fluids include but
are not limited to, ammotic fluid, aqueous humour, vitreous
humour, blood (e.g., whole blood, {fractionated blood,
plasma, serum, etc.), breast milk, cerebrospinal fluid (CSF),
cerumen (earwax), chyle, chime, endolymph, perilymph,
feces, gastric acid, gastric juice, lymph, mucus (including
nasal drainage and phlegm), pericardial fluid, peritoneal
flmid, pleural fluid, pus, rheum, saliva, sebum (skin o1il),
semen, sputum, sweat, synovial flmd, tears, vomit, and
urine. In some embodiments, a sample may be obtained
from a subject, ¢.g., a human, and 1t may be processed prior
to use 1n the subject assay. For example, prior to analysis, the
protein may be extracted from a tissue sample prior to
initiating the present method. In particular embodiments, the
sample may be a clinical sample, e.g., a sample collected
from a patient.

[0078] The present method may have a sensitivity of at
least 5 1M, 10 IM, 30 1M, 100 IM, 0.5 pM, 1 pM, 5 pM, 10
pM, 50 pM, 100 pM, 0.5 nM, 1 nM, 5 nM, 10 nM, 50 nM
or 100 nM depending on the target analyte.

[0079] Without wishing to be bound to any particular use,
the present method has particular utility 1n analyzing blood
plasma. Blood plasma can be obtained non-invasively and 1t
contains a variety of diflerent, low abundance proteins that
are diagnostic, prognostic or theranostic (see, generally,
Anderson et al., Molecular & Cellular Proteomics 2002 1:
845-867 and Anderson et al., Clinical Chemistry 2010 56:
177-185). As such, in some embodiments, the present
method may be used to quantily any one or combination
(e.g., 2, 3, 4, 5 or more) of the following proteins in plasma:
acid phosphatase, Ig(, alanine aminotransferase (ALT or
SGPT), IgM, albumin, inhibin-A, aldolase, insulin, alkaline
phosphatase (ALP), insulinlike growth factor-1 (IGF-I), a-1-
acid glycoprotein (orosomucoid), msulinlike growth factor-
II (GF-1I), a-l-antitrypsin, IGFBP-1, o-2-antiplasmin,
IGFBP-3, a-2-HS-glycoprotein, interleukin-2 receptor (IL-
2R), a-2-macroglobulin, isocitric dehydrogenase, o-feto-
protein (tumor marker), K light chains, amylase, lactate
dehydrogenase heart fraction (LDH-1), amylase, lactate
dehydrogenase liver fraction (LLDH), ACE, lactoferrin,
antithrombin III (ATIII), A light chains, apolipoprotein Al,
lipase, apolipoprotein B, Lp(a), aspartate aminotransierase
(AST or SGOT), lipoprotein-associated phospholipase A2
(LP-PLA2), 3-2 microglobulin, LH, 3-thromboglobulin,
lysozyme, biotinidase, macrophage migration inhibitory fac-
tor (MIF) myeloperoxidase (MPO), cancer antigen 125 (CA
125), myoglobin, cancer antigen 15-3 (CA 15-3), osteocal-
cin, cancer antigen, human epididymis protein (HE4), para-
thyroid hormone, carcinoembryonic antigen (CEA), phos-
phohexose  1somerase, ceruloplasmin, plasminogen,
cholinesterase, plasminogen activator inhlibitor (PAI),
complement C1, prealbumin, complement C1 Inhibitor,
NTproBNP, complement C1Q, procalcitomn (PCT),
complement C3, prolactin, complement C4, properdin factor
B, complement C3, prostatic acid phosphatase (PAP), CRP,
prostatic specific antigen (PSA), creatine kinase-BB




US 2023/0295691 Al

(CKBB), protein C, creatine kinase-MM (CKMM), protein
S, cystatin C, pseudocholinesterase, erythropoietin, pyruvate
kinase, factor IX antigen, renin, factor X, retinol binding
protein (RBP), factor XIII, sex hormone-binding globulin,
territin, soluble mesothelin-related peptide, fibrinogen, sor-
bital dehydrogenase (SDH), {fibronectin, thyroglobulin,
FSH, TSH, GGT, thyroxine binding globulin (TBG), hap-
toglobin, tissue plasminogen activator (1-PA), human cho-
rionic gonadotropin (hCG), transferrin, hemopexin, trans-
terrin receptor (IFR), her-2/neu protein, troponin T (TnT),
human growth hormone (HGH), Tnl (cardiac), human pla-
cental lactogen (HPL), trypsin, IgA, urokinase, IgD, Von
Willebrand {factor, IgE, nucleotidase, Ig(G subclass 4,
ADAMTSI13 activity and inhibitor, inhibin B (infertility),
adenosine deaminase, IGFBP-2, adiponectin, intercellular
adhesion molecule 1, a subumt of pituitary glycoprotein
hormones, interferon-y, a.-galactosidase, interferon-c., EIA,
a.-N-acetylglucosaminidase, interleukin-1 receptor antago-
nist, amyloid 13-protein, interleukin-1 soluble receptor type
I1, angiotensinogen, interleukin-1a, anti-Mullerian hormone
(AMH), iterleukin-113, 3-glucuronidase, interleukin-2,
3-N-acetylglucosaminidase, interleukin-3, calprotectin,
interleukin-4, cancer antigen 72-4, iterleukin-35 cholecys-
tokinin, 1nterleukin-6, complement C2, nterleukin-7,
complement C4 binding protein, interleukin-8, complement
C6, interleukin-9, complement C7 level, interleukin-10,
complement C8 level, interleukin-11, complement C9 level,
interleukin-12, corticosteroid binding globulin (transcortin),
interleukin-13, CYFRA 21-1 (soluble cytokeratin fragment),
interleukin-14, dopa decarboxylase, interleukin-15, elastase,
interleukin-16, eosinophil cationic protein, interleukin-17,
epidermal growth factor, interleukin-18, epidermal growth
tactor receptor (EGFR), kallikrein, factor II, leptin, factor V,
leucine aminopeptidase, factor VII, mannose-binding lectin,
tactor VIII, neuron-specific enolase (NSE), factor XI, neu-
rophysin, factor XII, pancreastatin, fibroblast growth factor
(FGF2), pepsinogen 1, gastric inhibitory polypeptide (GIP),
pepsinogen II, Glial cell-derived neurotrophic factor
(GDNF), glutathione peroxidase, proteasome activity,
plasma-based Leumeta, granulocyte colony-stimulating fac-
tor, S-100B protein, granulocyte-macrophage colony-stimu-
lating factor, soluble CD30, growth hormone binding pro-
tein, squamous cell carcinoma antigen, hemoglobin,
thyrotropin releasing hormone (TRH), heparin cofactor 11,
transforming growth factor-131, hexosaminidase A and total
hexosamimdase, tumor necrosis factor receptor 1, high
molecular weight kininogen, tumor necrosis factor receptor
2, human growth hormone-releasing hormone (HGH-RH),
tumor necrosis factor-o, Ig(G subclass 1, tumor necrosis
tactor-13, IgG subclass 2, vascular endothelial growth factor
(VEGF), IgG subclass 3, and vitamin D-binding protein.

[0080] As would be apparent, the method may also be
employed to identily a microbial (e.g., bacterial or viral)
pathogen 1n a climical sample, e.g., a cell surface protein or
secreted protein. In these embodiments, the capture agents
may target proteins or other moieties from a pathogen. IT
circles are detected, then the subject may be diagnosed as
being infected by that pathogen. Microbes that might be
identified using the present methods, compositions and kits
include but are not limited to: viruses, yeast, Gram (+)
bacteria, Gram (-) bacteria, bacteria in the family Entero-
bacteriaceae, bacteria 1n the genus Enterococcus, bacteria in
the genus Staphylococcus, and bacteria 1n the genus Campy-
lobacter, Escherichia coli (I. coli), E. coli of various strains
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such as, K12-MG16355, CFT073, O157:H7 EDL933, O157:
H7 V'12-Sakai, etc., Streptococcus preumoniae, Pseudomo-

nas aeruginosa, Staphylococcus aureus, coagulase-negative
staphylococci, a plurality of Candida species including C.
albicans, C. tropicalis, C. dubliniensis, C. viswanathii, C.
parapsilosis, Klebsiella pneumoniae, a plurality of Myco-
bacterium species such as M. tuberculosis, M. bovis, M.
bovis BCG, M. scrofulaceum, M. kansasii, M. chelonae, M.
gordonae, M. ulcerans, M. genavense, M. xeno1, M. simiae,
M. fortuitum, M. malmoense, M. celatum, M. haemophilum
and M. africanum, Listeria species, Chlamydia species,
Mycoplasma species, Salmonella species, Brucella species,
Yersinia species, etc. Thus, the subject method enables
identification of microbes to the level of the genus, species,
sub-species, strain or variant of the microbe.

[0081] In some embodiments, the results of the method
may be diagnostic (e.g., may provide a diagnosis of a disease
or condition or the type or stage of a disease or condition,
etc.), prognostic (e.g., indicating a clinical outcome, e.g.,
survival or death within a time frame) or theranostic (e.g.,
indicating which treatment would be the most effective). In
some embodiments, the method may be used to analyze a
group of 1, 2, 3,4, 5, 6,7,8,9 or 10 or more analytes that
are independently either present at a higher concentration or
lower concentration relative to a control (e.g., an internal
control), where collectively the i1dentity of the analytes and
their abundance correlate with a phenotype.

[0082] The method may be used to analyze a patient
sample. In this embodiment, the method may comprise: (a)
quantitying, using the above-described method, one or more
analytes 1n a sample and (b) providing a report indicating a
correlation with phenotype. This embodiment may further
comprise making a diagnosis, prognosis or theranosis based
on the report. The report may indicate the normal range of
the analyte.

[0083] In some embodiments, the method may nvolve
creating a report as described above (an electronic form of
which may have been forwarded from a remote location)
and forwarding the report to a doctor or other medical
proiessional to determine whether a patient has a phenotype
(e.g., cancer, etc.) or to i1dentily a suitable therapy for the
patient. The report may be used as a diagnostic to determine
whether the subject has a disease or condition, e.g., a cancer.
In certain embodiments, the method may be used to deter-
mine the stage or type of cancer, to 1dentily metastasized
cells, or to momitor a patient’s response to a treatment, for
example.

[0084] In any embodiment, report can be forwarded to a
“remote location”, where “remote location,” means a loca-
tion other than the location at which the image 1s examined.
For example, a remote location could be another location
(e.g., oflice, lab, etc.) 1n the same city, another location 1n a
different city, another location 1n a diflerent state, another
location 1n a different country, etc. As such, when one item
1s 1ndicated as being “remote” from another, what 1s meant
1s that the two 1items can be 1n the same room but separated,
or at least 1n different rooms or different buildings, and can
be at least one mile, ten miles, or at least one hundred miles
apart. “Communicating’ information refers to transmitting
the data representing that information as electrical signals
over a suitable communication channel (e.g., a private or
public network). “Forwarding” an item refers to any means
of getting that item from one location to the next, whether
by physically transporting that item or otherwise (where that
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1s possible) and includes, at least in the case of data,
physically transporting a medium carrying the data or com-
municating the data. Examples of communicating media
include radio or infra-red transmission channels as well as a
network connection to another computer or networked
device, and the internet or email transmissions and infor-
mation recorded on websites and the like. In certain embodi-
ments, the report may be analyzed by an MD or other
qualified medical professional, and a report based on the
results of the analysis of the 1mage may be forwarded to the
patient from which the sample was obtained.

Kits

[0085] Also provided by this disclosure are kits that con-
tain reagents for practicing the subject methods, as described
above. The subject kits contain one or more of any of the
components described above. In some embodiments a kit
may comprise: (1) a first splint oligonucleotide, (1) a second
splint oligonucleotide, (111) a set of probes that produces a
ligatable circle only when the probes are hybridized to the
first and second splint oligonucleotides, and (1v) one or more
exonucleases. In these embodiments, the splint oligonucle-
otides may have reactive ends that can react with/bind to a
binding agent, as discussed above. In some embodiments,
the kit may also contain a binding agent and, in some
embodiments, the splint oligonucleotides are conjugated to
the binding agent 1n the kit. In some embodiments, a kit may
turther comprise a ligase and/or primers for performing
quantitative PCR analysis, as described above. In some
embodiments, the primers target the ligation junctions 1n the
ligatable circles produced by hybridizing the splint oligo-
nucleotides to the probes. In these embodiments, one primer
may hybridize to a sequence that encompasses one of the
ligation junctions, and the other primer hybridizes to the
complement of a sequence that encompasses the other of the
ligation junctions.

[0086] The various components of the kit may be present
in separate containers or certain compatible components
may be precombined into a single container, as desired.

[0087] In addition to the above-mentioned components,
the subject kits may further include instructions for using the
components of the kit to practice the subject methods, 1.e.,
instructions for sample analysis. The instructions for prac-
ticing the subject methods are generally recorded on a
suitable recording medium. For example, the instructions
may be printed on a substrate, such as paper or plastic, etc.
As such, the instructions may be present in the kits as a
package nsert, in the labeling of the container of the kit or
components thereof (1.e., associated with the packaging or
subpackaging), etc. In other embodiments, the instructions
are present as an electronic storage data file present on a
suitable computer readable storage medium, e.g., CD-ROM,
diskette, etc. In yet other embodiments, the actual instruc-
tions are not present in the kit, but means for obtaiming the
istructions from a remote source, €.g., via the iternet, are
provided. An example of this embodiment 1s a kit that
includes a web address where the instructions can be viewed
and/or from which the instructions can be downloaded. As
with the instructions, the means for obtaining the nstruc-
tions 1s recorded on a suitable substrate.
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EMBODIMENTS

[0088] FEmbodiment 1. A method for sample analysis
comprising;

[0089] (a) incubating a sample comprising a target
analyte with:

[0090] (1) a first conjugate comprising a binding
agent and a first splint oligonucleotide, and

[0091] (11) a second conjugate comprising a binding
agent and a second splint oligonucleotide,

[0092] under conditions suitable for binding of the
binding agents of the first and second conjugates to
the target analyte, to produce a product;

[0093] (b) incubating at least some of the product of
step (a) with:

[0094] (1) a set of probes that produces a ligatable
circle only when the probes are hybridized to the first
and second splint oligonucleotides; and

[0095] (11) a ligase;

[0096] to produce a reaction mix comprising cova-
lently closed circular molecules;

[0097] (c) treating at least some of the reaction mix of
step (b) with an exonuclease to terminate the ligation
and degrade any nucleic acid that 1s not a covalently
closed circular molecule; and

[0098] (d) after step (c¢), quantilying the amount of
covalently closed circular molecules produced 1n step
(b).

[0099] Embodiment 2. The method of embodiment 1,
wherein the binding agents of the first and second conjugates
are capture agents.

[0100] FEmbodiment 3. The method of any prior embodi-
ment, e.g., embodiment 1, wherein the binding agents of the

first and second conjugates are aflinity-selected polyclonal
antibodies.

[0101] Embodiment 4. The method of any prior embodi-
ment, e.g., embodiment 1, wherein the binding agents of the

first and second conjugates are matched monoclonal anti-
bodies.

[0102] Embodiment 5. The method of embodiment 1,
wherein the binding agent of the first and second conjugates
are not capture agents.

[0103] Embodiment 6. The method of any prior embodi-
ment, wherein the first and second conjugates bind to the
target analyte with a low afhnity.

[0104] Embodiment 7. The method of any prior embodi-
ment, wherein the quantifying step (d) 1s done by quantita-
tive PCR, digital PCR, by hybridization to a microarray or
by sequencing.

[0105] Embodiment 8. The method of embodiment 7,
wherein the primers used for the quantitative PCR target the
ligation junctions in the covalently closed circular molecules
of (d).

[0106] Embodiment 9. The method of any prior embodi-
ment, e.g., any of embodiments 1-2, wherein step (d) com-
prises amplifying the covalently closed circular molecules
by rolling circle amplification (RCA) to produce RCA
products.

[0107] Embodiment 10. The method of embodiment 9,
wherein the method comprises counting the RCA products.
[0108] FEmbodiment 11. The method of any prior embodi-
ment, wherein the reactions of steps (a)-(¢) are done in the
same vessel.

[0109] Embodiment 12. The method of embodiment 11,
wherein step (b) comprises adding the set of probes and
ligase to the vessel comprising the product of step (a), and
step (¢) comprises adding one or more exonucleases to the

vessel comprising the ligation product of step (b).
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[0110] Embodiment 13. The method of any of prior
embodiment, wherein:

[0111] (1) the sample comprises a plurality of target
analytes,
[0112] (1) step (a) comprises incubating the sample

with multiple pairs of said first and second conjugates,
wherein each pair of conjugates binds to a different
target analyte; and
[0113] (11) step (d) comprises quantifying the number
of covalently closed circular molecules corresponding
to each target analyte.
[0114] Embodiment 14. The method of any prior embodi-
ment, wherein the sample 1s from a bodily fluid.
[0115] Embodiment 15. The method of embodiment 11,
wherein the bodily fluid 1s blood plasma, saliva or urine.

[0116] Embodiment 16. The method of any prior embodi-
ment, wherein the target analyte 1s a protein.

[0117] Embodiment 17. A kit comprising:
[0118] (1) a first splint oligonucleotide, and
[0119] (1) a second splint oligonucleotide;
[0120] (11) a set of probes that produces a ligatable

circle only when the probes are hybridized to the first
and second splint oligonucleotides;

[0121] (1v) one or more exonucleases.

[0122] Embodiment 18. The kit of embodiment 17, further
comprising a ligase.

[0123] Embodiment 19. The kit of embodiment 17 or 18,
turther comprising a binding agent to which the first and
second splint oligonucleotides can be conjugated.

[0124] FEmbodiment 20. The kit of any of embodiments
17-19, further comprising primers for performing quantita-
tive PCR (gPCR) analysis.

EXAMPLES

[0125] Aspects of the present teachings can be further
understood 1n light of the following examples, which should
not be construed as limiting the scope of the present teach-
Ings 1n any way.

[0126] Presented herein 1s a highly specific protein detec-
tion method, referred to as the circular proximity ligation
assay (c-PLA), that outperforms traditional PLA 1n strin-
gency, ease ol use, reproducibility and compatibility with
low athnity reagents. In ¢c-PLA, two proximity-probes bind
to an analyte providing a scaflolding that positions two free
oligonucleotides such that they can be ligated 1into a circular
DNA molecule. This assay format stabilizes antigen prox-
imity-probe complexes and enhances stringency by reducing
the probability of random background ligation events. Circle
formation also increases selectivity since the uncircularized
DNA can be removed enzymatically. This method has been
compared to traditional PLA on several biomarkers and
demonstrate that the higher stringency for c-PLA improves
reproducibility and enhances sensitivity 1n both buffer and
human plasma. The limit-of-detection ranges from femto-
molar to nanomolar concentrations for both methods.
Kinetic analysis using surface plasmon resonance (SPR) and
biolayer interferometry (BLI) reveal that the vanation in
limit-oi-detection 1s due to the variation 1n antibody aflinity,
and that c-PLA outperforms traditional PLA for low athnity
antibodies. The lower background signal can be used to
increase proximity-probe concentration while maintaining a
high signal-to-noise ratio, thereby enabling the use of low
aflinity reagents 1n a homogeneous assay format. It 1s

11

Sep. 21, 2023

anticipated that the advantages of c-PLA will be useful 1n a
variety of clinical protein detection applications where high
allinity reagents are lacking.

[0127] c-PLA a highly specific, sensitive, and convenient
assay for quantitative protein detection. The method builds
on the existing PLA, but also benefits from the formation of
circular DNA molecules. Proximity ligation assays com-
bined with circle formation have traditionally been used for
rolling circle amplification and have shown impressive
results for in-situ detection and digital quantification. It has
been demonstrated that the circle formation 1ncreases repro-
ducibility by minimizing noise across the linear dynamic
range. This 1s facilitated by the inclusion of exonuclease
treatment, which hydrolyzes non-circular DNA. This design
also simplifies the workflow as 1t eliminates the need for
preamplification prior to qPCR quantification without any
loss 1n assay performance. Both methods were compared
using six commonly used biomarkers and demonstrate equal
or better performance for circular PLA.

[0128] The kinetic analysis of the required antibody-anti-
gen 1nteractions, an essential precaution rarely taken during
assay development for protein detection, demonstrates a
direct correlation between kinetic constants and assay per-
formance. The value of kinetic information to screen for
suitable antibodies prior to proximity-probe conjugation and
to optimize proximity-probe concentrations as well as assay
procedures has established. This work thus indicates that the
regular use of kinetic analysis will be highly beneficial in
improving assay performance across a wide variety of
analytes.

[0129] The advantages of c-PLA over t-PLA for low
aflinity interactions are aided by suppressed dissociation
provided by longer DNA duplexes. It has been shown that
the additional prooireading step facilitated by the extra oligo
in circular PLA can be exploited to increase proximity-probe
concentration without a concomitant increase in background
ligation. This improves the signal-to-noise ratio and limuit-
of-detection compared to t-PLA and enables the use of low
allinity reagents. This 1s a major benefit as low-aflinity
antibodies and vanation in antibody specificity often con-
tribute to systematic errors in research and clinical diagnos-
tics (51). It has been also demonstrated that the benefits of
c-PLA over t-PLA persist in complex media such as human
plasma. This will facilitate new applications when high
allinity reagents are not available, allowing not only new
analytes to be detected, but also greater sensitivity for
protein detection. These advantages are strengthened by the
case ol application of the assay as well as 1ts amenability to
automation and a variety ol quantification methods (digatal,
fluorescent, electrical, and more). The formation of circular
DNA also supports detection using rolling circle amplifica-
tion and other 1sothermal amplification methods that can be
accomplished on low-cost point-of-care devices (52, 53). It
1s anticipated that an assay of this versatility and perfor-
mance will help pave the way for much broader adoption of
protein quantification 1nto clinical and even resource-poor
settings.

Results

[0130] Circular proximity ligation assay workilow. The
workilows for both the traditional proximity ligation assay
(t-PLA) and the circular proximity ligation assay (c-PLA)
are shown in FIG. 2. Both assays utilize the same set of
proximity-probes that are prepared by bioconjugation of
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polyclonal antibodies with amine-modified oligonucleotides
through aromatic hydrazone chemistry (details provided in
FIG. 7 and Matenals and Methods). Polyclonal antibodies
are cost-eflicient, as a single batch of antibodies 1s divided
into two portions and coupled to oligonucleotides that are
terminated by either a phosphorylated 5'-end or a 3'-end,
respectively. This produces two heterogeneous mixtures of
proximity-probes against several different epitopes of the
same target antigen. During sample incubation, the antibody
portions of these proximity-probes bind to distinct epitopes
of the target analyte. This 1s followed by a ligation step 1n
which a solution containing DNA ligase 1s added to the
incubation mixture. In t-PLA this ligation mixture contains
a third bridge oligonucleotide complementary to the ends of
the proximity-probes, thereby facilitating ligation to form a
new DNA sequence. Ligation 1s terminated by the addition
ol a uracil-excision mixture, which selectively degrades the
bridge oligonucleotide. The ligation mixture 1s subsequently
preamplified across the newly formed DNA junction to
increase signal-to-background ratio and reproducibility (12,
35) prior to quantification by gqPCR. In c¢-PLA, ligation
products are not formed by a direct junction of proximity-
probes, but rather by the formation of a circle when two free
connector oligonucleotides are joined 1n two distinct ligation
events facilitated by target-bound proximity-probes. The
uracil excision step 1s replaced with exonuclease treatment,
which has the selective advantage of enriching for circular-
1zed DNA (32). Consequently, the background 1s dramati-
cally decreased as all uncircularized nucleic acids are
degraded, as opposed to only the bridge oligo in t-PLA. This
allows for omission of the preamplification prior to qPCR
analysis without any loss 1n signal-to-noise ratio or repro-
ducibility.

[0131] Assay characteristics. ¢c-PLA was designed from
existing traditional PLA probes that have been optimized for
mimmization of heteroduplex formation (12). This allowed
a comparison of the two methods using the same set of
proximity-probes. For ¢c-PLA, the ligation conditions were
relaxed to account for the requirement of two ligation events
and to accommodate the efliciency of Ampligase at higher
temperature. Ligation was consequently performed for 30

12

Sep. 21, 2023

triplicate qPCR experiments generating nine data points for
cach concentration. For vascular endothelial growth factor
(VEGF), a dose-dependent response across nearly 5 orders
of magnitude 1s demonstrated for both methods (FIG. 3a).
The difference of almost 4 orders of magnitude 1n counts
(estimated number of ligated molecules) generated by the
two methods 1s due to both the elimination of preamplifi-
cation as well as the enhanced stringency for c-PLA. For
comparison, preamplification in ¢-PLA was performed and
found that the omission of this step accounts for approxi-
mately 3 orders of magnitude diflerence 1n signal, whereas
stringency in assay design accounts for the remainder (FIG.
8). Preamplification was originally introduced to improve
signal-to-background ratio and precision although t-PLA 1s
still impeded by relatively high CVs (coeflicient of varia-
tion), an obstacle for standard use 1n clinical diagnostics.
Variation 1 t-PLA has traditionally been addressed by
addition of internal controls and normalization of data
allowing for relative biomarker profiling (13, 15). Back-
ground signals for PLA are generated from random ligation
events, non-specific binding of two cognate proximity-
probes or nucleic acid amplification artifacts. In c-PLA,
random ligation events are minimized by the stringency in
assay design as four molecules and two ligation events are
required for signal generation. Non-specific binding eflects
are addressed by the addition of excess bulk IgGG molecules
from the same species as the proximity-probes (12). Nucleic
acid amplification artifacts are minimized in c-PLA as dual
ligation events result 1n two new DNA sequences at the
junction sites. Multiple primers targeting different sites on
the newly formed circular DNA were tested and found that
a primer pair spanning both junctions produced the lowest
background. Exonuclease treatment in ¢c-PLA also reduces
background, which enhances signal-to-noise ratio and assay

performance. This improves precision within the linear
dynamic range as demonstrated by a decrease 1in the average
CVs from 29% for t-PLA to below 16% for c-PLA (Table 1).
PLA precision in general 1s limited by the qPCR readout and
variation at low counts can be decreased further with digital
quantification methods (31, 36).

TABLE 1

Comparison of limit-of-detection and dynamic range for six biomarkers measured by circular

and traditional PLA.

Analyte Function
VEGE Growth
Factor
GDNF  Cell Survival
[I-6 Inflammation
MIF Innate
Immunity
TNF-a  Cell Signaling
IGF-II  Inflammation

min at 45° C. instead of 15 min at 30° C. A comparable
modification of t-PLA did not yield any improvements.

[0132] A direct comparison between traditional and cir-
cular PLA for six biomarkers are shown in FIG. 3 and the
results are summarized in Table 1. These experiments were
performed with three biological replicates and quantified in

Data Circular PLLA (c-PLA) Traditional PLA (t-PLA)
1n Limit-Of-  Dynamic Limit-Of- Dynamic

Figure Detection Range CVs Detection Range CVs
3a <10 {M <5 15.6% 10 iM <5 29.3%
3b 15 M <5 12.4% 10 iM 5 30.8%
3¢ 100 M <4 28.2% 150 M <4 48.5%
3d 3 pM 3 10.4% 5 pM 3 39.9%
3e 20 pM 3 19.4% 70 pM <3 44.2%
3f 1 nM 2 17.0% 3 nM <2 24.3%

[0133] c¢-PLA was compared to traditional PLA for five

additional biomarkers, glial cell line derived neurotrophic

tactor (GDNF), interleukin 6 (IL-6), macrophage migration
inhibitory factor (MIF), tumor necrosis factor alpha (TINF-
a.), and insulin-like growth factor II (IGF-II) (FIG. 3b-f, raw
data provided 1n Tables 5-10). It was found that the higher
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stringency for c-PLA vielded improvements in precision,
signal-to-background ratios, and equal or better assay per-
formance in terms of limit-of-detection and dynamic range
tor all analytes except GDNF. Average CV's across the linear
range were all below 20% for c-PLA, with the exception of
IL-6 (28%), while CVs for t-PL A varied from 24% to 48%.
Reproducibility 1s generally better at higher concentrations,
while precision deteriorates at low concentrations. This
represents a common problem for PLA and other highly
sensitive methods for protein quantitation (37-39).

[0134] A notable observation 1s that the limit-of-detection
for the analytes varies more than 5 orders of magnitude from
low femtomolar to nanomolar concentration and that the
dynamic range 1s confined by the limit-of-detection on the
lower end and the proximity-probe concentration on the
upper end where the hook effect starts to interfere. Conse-
quently IGF-II, which exhibits the worst limit-of-detection
(1 nM) among the analytes that were tested, also displays a
restricted dynamic range of about 2 orders of magnitude.
The assay performance for the same biomarkers in t-PLA
generally follows the same trend as found for c-PLA, albeit
with a slightly higher limit-of-detection. It 1s noted that
previous proximity ligation studies of the same analytes
have reported limit-of-detection using various definitions
(12, 15). Here the limit-of-detection 1s strictly defined as the
mean signal corresponding to a blank sample plus three
standard deviations (40). Discrepancies 1n reported limit-of-
detection can be aflected by the use of alternative defini-
tions, differences in protocol, or by batch-to-batch variation
in proximity-probe conjugation, as ailinity probes without
conjugated oligonucleotides may bind to target analytes and
interfere with the ability to facilitate ligation. One benefit of
using the same batch of proximity-probes for both tradi-
tional and circular proximity ligation 1s that such eflects are
climinated, making comparison between the two methods
more straightiforward. Furthermore, keeping the oligonucle-
otide sequences constant for all analytes eliminates any
variation that may arise from sequence specificity, albeit this
limits the possibility of multiplexing for the purpose of this
investigation. The similarities in performance between the
two methods indicate that the vanation 1n limit-of-detection
between analytes 1s inherently an effect of the quality of the
proximity-probes and their ability to enable antibody-anti-
gen interactions.

[0135] Kinetic analysis of athnity reagents. Knowledge
about the kinetics of binding between antibodies and anti-
gens 1s 1mportant for all immunoassays (3, 19). The rela-
tionship between kinetics and assay performance was
explored. A previous report showed good correlation 1n
traditional PLA between limit-of-detection and theoretical
aflinity, but did not determine equilibrium dissociation con-
stants (K,) for the antibodies used (11). Furthermore, no
analyses have been reported on either association rate con-
stants, kK _ (on-rates), or dissociation rate constants, k ; (ofl-
rates), and their significance 1n proximity ligation assays. To
address this, surface plasmon resonance (SPR) (41) was
used to determine K, values as well as on- and off-rates for
the antibody-antigen interactions investigated. Kinetic
parameters are listed 1in Table 2 and SPR sensorgrams for
individual analytes fitted to a 1:1 binding model are pro-
vided 1n FIG. 10. The results are also summarized in an
isoathinity graph (FIG. 4a) where the two rate constants are
plotted against each other to provide K, values along
diagonal 1soaflinity lines (42). The on-rates varied 30-fold
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from 4.9x10° M~ s7' for IGF-II to 1.6x10" M~ s~ for
VEGF. Off-rates varied from 1.6x10™* s=' for TNF-a to
exceptionally slow off-rates below the sensitivity range of
the Biacore T200 instrument (1.0x107> s™') for both GDNF
and IL-6. The software used to fit the data still provided
ofl-rates beyond the limit of the instrument (results 1n Table
3) but because of uncertainty in the accuracy, ofl-rates were
limited to no lower than 1.0x10™> s™" in the calculation of
K. The resulting K, values spanned more than 2 orders of

magnitude, ranging from 2.8x107'° M for TNF-a. to below
7.1x10~" M for GDNF.

TABLE 2

Summary of kinetic analysis data for six biomarkers using SPR.

Association Dissociation Equilibrium
rate constant rate constant dissociation constant
Analyte k, M~ ts1] k;[s1] Ky [M]
GDNF 1.4E+07 <1.0E-05 <7.1E-13
[1.-6 2.3E4+06 <1.0E-05 <4.3F-12
VEGF 1.6E+07 5.6E-05 3.6E-12
IGEF-11 4 9E+05 2.5E-05 5.1E-11
MIF 1.1E+06 9 4E-05 8.3E-11
TNF-a 5. 7E+035 1.6E-04 2.8E-10
[0136] Because some of the off-rates determined by SPR

were found to be below the sensitivity range of the Biacore
instrument complementary analysis was performed using
biolayer interferometry (BLI) (43). These measurements
corroborated the SPR results; off-rates for GDNF and IL.-6
were also beyond the sensitivity of the Fortebio Octet RED
instrument. Kinetic data for BLI measurements, binding
curves for individual analytes fitted to a 1:1 binding model,
and an 1soaflinity chart for all analytes are provided in FIG.
11. K, values determined by BLI varied more than 3 orders
of magnitude, ranging from 6.4x10™" M for TNF-a. to below
2.5%107"* M for GDNF and IL-6. These values are approxi-
mately an order of magnitude higher than the corresponding
SPR data, largely due to diflerences 1n the determination of
on-rates. SPR 1s a flow-cell based method with a three-
dimensional dextran matrix whereas BLI utilizes planar
fiberoptic sensors 1n a well-plate format. It has previously
been reported that the BLI system underestimates fast on-
rates due to mass-transfer limitations, which 1s consistent
with earlier findings (44). The numeric values of kinetic
constants determined by surface-based methods are likely to
differ from solution-based values which are presumably
more applicable to homogenous PLA. Nonetheless the rela-
tive rankings between the two methods display good agree-
ment and are important indicators of comparative antibody
quality.

[0137] All proximity-probes described 1n this work origi-
nate from athnity-purified polyclonal antibodies. These anti-
bodies are mixtures derived from different cell lineages
producing antibodies that recognize distinct epitopes of the
antigen each with their own individual kinetic characteris-
tics. Due to this heterogeneity, kinetic properties of poly-
clonal antibody are inherently dithicult to characterize with
precision and the derived kinetic constants and athnities are
considered an average for the different subpopulations exist-
ing within a batch of antisera. One prospective eflect 1s that
extended incubation time between sample and proximity-
probes will allow continued exchanges that progress towards
higher athinity interactions.
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[0138] Using kinetics data to improve c-PLA perfor-
mance. The 1soathinity graph 1n FIG. 4a includes the kinetic
information for all antibody-antigen interactions investi-
gated, revealing a clear diflerentiation in aflinities. The
antibodies with the highest athnity are located in the upper
left commer as they are characterized by low off-rates and
high on-rates that result in low K, values. GDNF, VEGF and
IL-6 antibodies have high athinity with K, values below 5
pM. Accordingly, these analytes provide sub-pM limits-oi-
detection 1n c-PLA and wide dynamic ranges of at least 4
orders of magnitude as seen in dose-response curves (FIG.
4b, dose-response curves derived from the same batches of
antibodies and antigens as those used 1n FIG. 4a but not
completely the same batches as those used 1n FIG. 3). The
remaining analytes, MIF, TNF-a., and IGF-II are clustered
together with K, values above 50 pM. Consequently, c-PL A
for these analytes does not perform nearly as well exhibiting
limits-of-detection 1n the pM range (or higher) and narrower
dynamic ranges that are constrained by the lower aflinity of
the antibodies. This comparison demonstrates that the imnher-
ent difference 1n sensitivity and dynamic range among the
s1X analytes 1s not entirely dependent on the assay design but
rather 1s caused by the quality of the atlinity reagents used.
It 1s noted that the only biomarker for which ¢-PLA did not
improve assay performance compared to t-PLA 1s GDNE,
the analyte with the highest aflinity. The improvements in
limit-of-detection for c-PLA over t-PLA are also larger for
the lowest atlinity iteractions (see Tables 1 & 2), indicating,
a trend towards increased benefits of c-PLA when only low
aflinity reagents are available.

[0139] The detailed information obtained by kinetic analy-
s1s 1s beneficial for assay development as 1t suggests modi-
fications that may result 1n 1mproved signals. The kinetic
constants were used to predict the number of complexes
formed at equilibrium during sample incubation, and the
new equilibrium that 1s established when the volume 1s
increased by addition of the ligation mixture. Details are
provided in the section named “Modeling of antibody-
antigen-antibody complex formation at equilibrium™ and
FIG. 12. The calculations suggest that approximately 50% of
the antigens present 1n solution are captured 1n a complex at
equilibrium during sample incubation when the K, value of
an interaction equals 1x107"° M (comparable to MIF and
TNF-a, 83x107'' M and 2.8x107'° M respectively), (FIG.
1256). However, the subsequent addition of ligation mixture
triggers complex dissociation until a new equilibrium 1s
established. Modeling using K,,=1x107'° M indicates that at
the new equilibrium essentially no antigens would remain in
a complex resulting 1n no circle formation and consequently
no detectable qPCR signal (FIG. 12¢). Yet the assay still
functions for analytes with these K, values, and the dis-
crepancy 1s explained by suppressed dissociation as pre-
dicted by the low off-rates. The complex halt-life (t, ) 1s
defined as 1n2/k , indicating that for both MIF and TNF-q
(which have off-rates of approximately 1x10™*s™") it would
take roughly 2 h for half of the complexes to dissociate. This
1s a suilicient duration to avoid significant losses during a 30
min ligation step (or 15 min in the case of t-PLA). In
addition, these calculations do not consider any added
advantages that the two circle-forming connector oligos
have over t-PLA 1n retarding proximity-probe diflusion
away 1rom the analyte thereby facilitating antibody rebind-
ing. DNA duplexes can be remarkably stable as exemplified
by the SPR measurements, which employ DNA-directed
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immobilization of the capture agents. Previous studies have
determined the ofl-rates for short oligonucleotides to range
from 107 s™" to below 107> s™', values that are comparable
or lower than the off-rates for the antibody-antigen interac-
tions described in this work (43, 46). The calculations above
highlight not only the benefits of high aflinity probes in
proximity ligation assays but also the importance of slow
ofl-rates or other means to demote dissociation, especially
when 1t entails large volume additions for ligation.

[0140] The large volume addition associated with ligation
was originally mtroduced to minimize background ligation
in t-PLA (12). Background ligation events in t-PLA occur
when aflinity probes and bridge oligo are randomly brought
into close proximity. For c-PLA, the likelihood of back-
ground ligation 1s lower as this complex requires an addi-
tional connector oligo and two ligation events before pro-
ducing a detectable signal. This results 1n less background
and a better signal-to-noise ratio. Additional modeling stud-
ies provided i the FIG. 12¢ also indicate that higher
proximity-probe concentrations result 1n more complex for-
mation, which may increase signal-to-noise ratios even
turther. This 1s analogous to experimental findings on solid-
phase where higher densities of surface-bound capture anti-
bodies have shown to improve both limit-of-detection and
dynamic range (47). Consequently, the combination of using
a more stringent assay format like c-PLA with increased
proximity-probe concentrations should improve assay per-
formance with low aflimity antibodies.

[0141] Stringency of c¢-PLA improves signal-to-back-
ground ratio and limit-of-detection. Based on simulations
described above the impact of increased proximity-probe
concentration for both traditional and circular PLA was
tested. The TNF-a assay was chosen as it displayed the
highest K,, and k ,, providing a good example of low athnity
reagents with fast off-rates. Both assay formats were per-
formed with the standard athnity probe concentration (1x=0.
25 nM) as well as a ten-fold increase. The results are shown
in FIG. Sa and demonstrate a consistently higher signal-to-
background ratio for c-PLA compared to t-PLA. The
increase 1n signal-to-background ratio between the 10x and
1 x athinity probe cases for the two methods 1s an expansion
of the previous findings that probe concentration can be
increased for low athmty interactions (12), though 1t 1s a
complex subject that must be carefully balanced between
antibody aflinity and a higher probability of random back-
ground ligation (48). The greater signal-to-noise ratio for
c-PLA 1s explained by a reduction in background noise as
seen 1n FIG. 5b. This 1s a consequence of rigorous assay
design 1n combination with exonuclease treatment, which
cllectively eliminates the background noise. Note that the
higher stringency of c-PLA also lowers the signal but that
the stability of circle-forming complexes combined with
even lower background noise more than compensates for
this decline. The higher signal-to-background ratio for
c-PLA 10x improves limit-of-detection about one order of
magnitude compared to the original t-PLA (FIG. 5¢). Addi-
tional experiments suggest that the probe concentration can
be increased even further for low aflinity interactions,
though 1t must be accompanied by an increase 1n the amount
ol connector oligonucleotides to ensure eflicient circle for-
mation.

[0142] c-PLA eflectively detects proteins 1 human
plasma. The results described thus far were all performed in
bufler solutions as the goal was investigate the relationship
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between athmity and assay performance. Aflinity analysis
using SPR 1s not amenable to complex mixtures like plasma
and although biolayer interferometry is less sensitive to
matrix eflects (43), both methods require pure ligands for
accurate determination of kinetic constants. The correlation
between kinetic constants and assay performance is estab-
lished 1n FIG. 4 and provides valuable information for assay
development. However, assay performance 1s known to
differ greatly between diflerent matrices and assay compat-
ibility with complex mixtures 1s essential for diagnostic and
climical relevance (1).

[0143] It has been previously shown that multiplexed
t-PLA enables quantitation of biomarkers in plasma samples
(12-14). To determine the performance of ¢c-PLA 1n a com-
plex matrix, tested two analytes were tested: VEGE, as an
example of a high aflinity interaction (low K, and slow
ofl-rates), and TNF-o, as an example of a low aflinity
interaction (high K,, and fast ofl-rates). VEGF was eflec-
tively detected 1n human plasma by ¢c-PLA down to physi-
ological single-digit pM concentrations (12, 49) (FIG. 6a).
Limit-of-detection 1s increased 100-fold from 1M concen-
tration in bufler to 1 pM for c-PLA and 2 pM {for t-PLA 1n
human plasma. Dynamic range i1s reduced accordingly by
two orders of magnitude for both methods. Average CVs
were lower for ¢c-PLA than t-PLA, at 11% and 22% respec-
tively, which 1s consistent with the findings in bufler solu-
tions. These results confirm that the c-PLA provides less
variation in a simplified assay format without the need for
preamplification. Additional experiments were performed
with VEGF 1 chicken plasma (in which human VEGF 1s
absent) to verity that the changes 1n limit-od-detection and
dynamic range are not impeded by the assay format, but are
rather an effect of naturally occurring background levels of
VEGF 1n human plasma (FIG. 6a). In chicken plasma 1M
limit-of-detection was achieved and more than four orders of
magnitude dynamic range, which more closely reflects the
original measurements 1n bufler solution. Hence both PLA
methods are compatible with complex mixtures like human

plasma with additional benefits 1n assay performance for
c-PLA.

[0144] The advantages in assay performance of c-PLA
over t-PLA for TNF-a (a low athnity interaction) also persist
in human plasma (FIG. 6b). The limit-of-detection for
c-PLA 1s about 10 pM for both 1x and 10x proximity-probe
concentrations with lower CVs for the higher probe con-
centration (8% for 10x vs. 16% for 1x), presumably due to
more ellicient capture of antigens at the higher concentra-
tion. The limit-of-detection for t-PLA 1s approximately an
order of magnitude higher compared to c-PLA, which
reduces the dynamic range accordingly. CVs remain at
around 30% across the linear range for both proximity-probe
concentrations. In contrast to ¢c-PLA, a 10-fold increase in
proximity-probe concentration for t-PLA did not improve
sensitivity (limit-of-detection about 700 pM), underscoring
the challenges when using this method with low atlinity
antibodies. The ability to increase probe concentration 1n
c-PL A also partially addresses the hook effect as 1t results 1n
a later onset of proximity-probe saturation. Furthermore,
statistical analysis of the CVs for TNF-o 1n plasma reveal
that the lower CVs for c-PLA 10x are significantly diflerent

than CVs for c-PLA 1x as well as t-PLA 1x and 10x
(p<0.001). The difference 1n CVs between c-PLA 1x and
t-PLA 1x 1s also significant (p<0.001). This 1s encouraging,
as the generally accepted precision requirement for clinical
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immunoassays 1s below 20% (40, 30). These findings 1ndi-
cate that the increased stringency of ¢c-PLA provides advan-
tages over t-PLA 1n terms of ease of use and sensitivity while
reducing variation. Most importantly, the opportunity to
improve the performance of low aflimity antibodies by
simply increasing their concentration in ¢-PLA 1s maintained
in complex matrices like plasma and serum.

Materials and Methods

[0145] Matenals. Afhnity-purified polyclonal antibodies
and antigen targets were from R&D Systems. Product num-
bers are provided in the section named “Antibodies and
Antigens”. All oligonucleotides were from Integrated DNA
Technologies. Sequences are listed in the section named
“DNA sequences’™ and were kept the same for all analytes to
allow for an unbiased comparison. Oligonucleotides used
for proximity-probe conjugation were HPLC purified and
designed to minimize probe-probe heteroduplex formation.
All other reagents were from Sigma-Aldrich unless other-
wise mndicated.

[0146] Proximity-probe conjugation. Antibody-oligo-
nucleotide conjugation was performed using hydrazone
chemistry (Solulink) followed by punfication according to
the manufacturer’s protocol (FIG. 7). One polyclonal anti-
body batch was divided into two portions and coupled to
amine-modified oligonucleotides containing either a free
phosphorylated 5'-end or a free 3'-end. Antibody-oligonucle-
otide conjugates were analyzed on a 2100 Agilent Bioana-
lyzer using the protein 80 kit under reducing conditions
following the manufacturer’s protocol. The estimated yield
for all conjugates varied between 0.65 to 1.35 oligonucle-
otides per antibody. Final antibody-oligonucleotide concen-
tration was determined using a Bradford protein assay
(Bio-Rad) according to the manufacturer’s specification.
Antibody-oligo probes were diluted to 5 nM 1 1xPBS
supplemented with 2 mM EDTA (Thermo Fisher Scientific);
0.10% BSA; 0.02% NaN, and was stored at 4° C.

[0147] Proximity-probe target incubation. 2 ul. of sample
(diluted 1n either 1xPBS with 0.1% BSA or neat plasma
from chicken or human (Sigma)) was added to 2 ul. of
proximity-probe mix and incubated for 2 hours at 37° C. to
establish complex formation between the target analyte and
antibodies 1 proximity-probes. The combined 4 ul. 1ncu-
bation mixture contained a final concentration of 250 pM {for
cach proximity-probe and was supplemented with 0.35
mg/mL polyadenylic acid potassium salt; 1% BSA; 0.1%
Triton X-100; 0.05% IgG; 0.01% aprotinin; 1 mM phenyl-
methanesulfonyl fluoride; and 4 mM EDTA (Thermo Fisher
Scientific) 1n 0.375xPBS.

[0148] Ligation step for circular PLA. 120 uL of ligation
mixture was added to each 4 ul. sample and mcubated for 30
min at 45° C. The ligation mixture contained 100 nM each
of the two circle-forming connector oligos; 0.025 U/uL
Ampligase (Epicentre); 0.5 mM NAD; 1 mM DTT (Sigma-
Aldrich); 0.01% Triton X-100; and 0.01% BSA 1 20 mM
Tnis pH 8.4, 10 mM MgC(Cl,, and 50 mM KCl, (Thermo
Fisher Scientific). Ligation was terminated by adding 10 uL
ol exonuclease mixture and incubated for 30 min at 37° C.
tollowed by heat inactivation of exonuclease enzymes for 20
min at 80° C. Exonuclease mixture contained 2 U/uL
exonuclease 1 (New England Blolabs) and 2 U/ul. exonu-
clease 1II (New England Biolabs) in 1x NEBufler 1 con-
tamning 10 mM Bis-Tris-Propane-HCl pH 7.0; 10 mM
MgCl,, and 1 mM DTT (New England Biolabs).
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[0149] Ligation step for traditional PLA. 120 uL of liga-
tion mixture was added to each 4 ulL sample and incubated
for 15 min at 30° C. The ligation mixture contained 100 nM
t-PLA bridge oligo; 0.025 U/ulL Ampligase (Epicentre); 0.25
mM NAD: 10 mM DTT; 0.02% Triton X-100; and 0.01%
BSA 1in 20 mM Tris pH 8.4, 1.5 mM MgCl,, and 50 mM
KCl, (Thermo Fisher Scientific). Ligation was terminated by
adding 2 uL. of stop ligation mixture followed by a 5 min
incubation at room temperature. The stop ligation mixture

contained 0.125 U/ulL Uracil-DNA Excision Mix (Epicen-
tre) mn 20 mM Tns pH 8.4, 50 mM KCIl (Thermo Fisher
Scientific).

[0150] Pre-amplification step for traditional PLA. 25 ulLL of
the terminated ligation mixture was added to 25 ul. pream-
plification mixture and cycled with the following conditions:
95° C. for 3 mun (1 cycle); 95° C. for 30 s and 60° C. for 4
min (13 cycles) and a final hold at 4° C. The preamplification
mixture contained 20 nM pre-amplification primers; 0.06
U/ulL Platinum Taq DNA Polymerase (Thermo Fisher Sci-
entific); and 1.6 mM dNTP Mix (Agilent Technologies) 1n
20 mM Tris pH 8.4, 6 mM MgCl,, and 50 mM KCI,
(Thermo Fisher Scientific). Following pre-amplification the
product was diluted 10-fold 1n TE bufler and stored at 4° C.
until gPCR quantification.
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independent measurements of biological replicates 1000
times).

[0152]
performed at 25° C. using a Biacore 1200 instrument and a
Biotin CAPture Kit (GE Healthcare, FIG. 9a). All antibodies
were biotinylated using EZ-Link NHS-PEO4-Biotin kit
(Thermo Fisher Scientific) according to manufacturer’s rec-

Kinetic analysis using SPR. SPR analysis was

ommendation using a 1:1 mole ratio of biotin to antibody.
Excess biotin was removed using Zeba spin columns to
avoid interference with the binding of biotinylated antibod-
ies to the surface of the CAP chip. Antibody immobilization
was tailored to a level that resulted in a maximum analyte

binding capacity (R__.) of 25-350 RU:s. Analytes were
diluted in HBS-EP+ bufler and passed over the chip at a rate
of 30 pul/min. Association was measured for 120 s and
dissociation for 1800 s. Sensors were regenerated using a
solution containing 6M Guanidine-HCI and 0.25M NaOH.
Rate constants (k, and k ;) were determined using BlAe-
valuation software version 4.1 (Biacore) with a 1:1 model
and global fitting of at least five concentrations 1n 2-fold
dilution series ranging from 200 to O nM (Table 3 and FIG.
10). Afhnity constants (K ) were subsequently derived from
the ratio of k_ and k ..

TABLE 3

Summary of kinetic constants obtained by SPR analvsis.

Kp

k k, SE SE R Chi?

Analyte (M) (M™'s™) (s (k) (k) (RU) (RU?)

GDNF <7.1E~13 1.35E+07 <1.0E-5 16 1.7E-07 21.1 0.83
(1.73E~-13) (2.34E-06)*

I1.-6 <4.3E-12 2.33E+06 <1.0E-5 1.6E+03  5.7E-0% 15.9 0.35
(1.99E—13) (4.65E-07)*

VEGF 3.60E-12 1.55E+07 5.57E-05 6.1E+04  4.2E-07 16.0 0.56

[GF-II 5.11E~11 4.86E+05 2 49E-05 6.3E+02  5.0E-07 13.1 0.83

MIF R.26F~11 1.14E+06 90.41E-05 1.6E+03  6.3E-07 12.0 0.82

TNF-a 2.79E~-10 5.67E+05 1.58F-04 1.5E+03  1.2E-07 7.3 0.64

O rates provided by the software were beyond the sensitivity range of the instrument.

[0151]
either exonuclease-treated ligation product (for circular

gPCR quantification and data analysis. 2 pulL of

PLA) or diluted preamplification product (for traditional
PLA) was added to qPCR master mix to a final volume of

10 ulL containing 400 nM primers and 1x Power SYBR
Green PCR Master Mix (Thermo Fisher Scientific). Samples
were quantified using real time qPCR (ABI 7900 HT) with
the following thermal cycling conditions: 95° C. for 10 min

(1 cycle); 95° C. for 15 s and 60° C. for 60 s (40 cycles). Ct

values were converted to an estimated number of ligated
O—D.3Dl>¢Cr+ll.439

molecules using the formula 1 as previously
described (13). Experiments were performed with three
biological replicates that were quantified 1n triplicate qPCR
experiments generating nine data points per concentration
analyzed. Limit-of-detection was derived relative to the
blank sample where the dose-response curve and the dashed
line (mean signal of a blank sample+3 standard deviations)
intersects (40). Statistical analysis was performed using

bootstrapping (random sampling with replacement on the

[0153]
formed on a Fortebio Octet RED mstrument using protein G
biosensors (Fortebio, FIG. 9b). All antibodies and analytes
were diluted in assay buffer (0.1 mg/mL BSA and 0.13%
Triton X-100 1n 10 mM Tris pH 7.5, 1 mM CaC(l,, and 150

mM NaCl). Antibody immobilization was tailored to a

Kinetic analysis using BLI. BLI analysis was per-

binding level of approximately 3.6 nm by varying the
antibody loading time. All measurements were conducted at
30° C. 1 200 uL total with constant agitation. Association
was measured for 120 s and dissociation for 1200 s. Sensors

were regenerated using a 10 mM glycine solution at pH 1.7.
For each analyte, three replicates covering full Kkinetics
cycles were performed and resulted i1n 1dentical binding
curves across all cycles. Rate constants (ka and kd) were
determined using data analysis soltware version 8.2
(Fortebi1o) with a 1:1 model and global fitting of at least five
concentrations in 3-fold dilution series ranging from 500 to
0 nM. Afhnity constants (KD) were subsequently derived
from the ratio of ka and kd. The results of the kinetic

analysis by BLI are provided in Table 4 and FIG. 11.
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TABLE 4
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Summary of kinetic constants obtained by BL.I analysis.

K, k, k, SE SE R, Chi?

Analyte (M) (M~'s™) (s (k) (k) (RU) (RU?)
GDNF <2.54F-12 3.93E+05 <1.0E-06*%  6.57E+03  6.80E-07 0.63% 0.757
I1-6 <2.49F-12 4.02E+05 <1.0E-06*  5.33E+03  4.32E-07 0.524 0.363
VEGF 5.70E-11 2.80E+05 1.60E-05 4.70E4+03  4.25E-05 0.925 1.524
IGF-II 1.17E-09 2.74E+05 3.21E-04 3.60E+03  3.38E-05 0.171 0.034
MIF 1.75E-09 3.04E+05 5.32E-04 3.75E+03  3.54E-05 0.305 0.062
TNF-a 6.43E-09 4.29E+04 2.76E-04 6.91E+02  3.80E-05 0.311 0.070

*Of rates were beyond the sensitivity range of the instrument.

[0154] Antibodies and Antigens. Afhnity reagents used
were from R&D Systems and had the following product
numbers for antibodies & antigens: GDNF: AF-212-NA &
212-GD-010; IL-6 AF-206-NA & 206-IL-010; VEGF:
AF-293-NA & 293-VE-010; TNF-a: AF-210-NA & 210-
TA-005; IGF-II: AF-292-NA & 292-G2-050; MIF: AF-289-
PB & 289-MF-002.

[0155] DNA Sequences.

Proximity-probes used for both circular
and traditional PLA Ab-probe with

phosphorvlated 5'-end:
(SEQ ID NO: 1)
5'-/5Phog/TCACGGTAGCATAAGGTGCACGTTAC

CTTGATTCCCGTCC/2AmMMO /-3

Ab-probe with 3'-end:
(SEQ ID NO: 2)
5'-/5AmMMC6 /CATCGCCCTTGGACTAGCATACCCA

TGAACACAAGTTGCGTCACGATGAGACTGGATGAA- 3!

Connector oligos used for circle
formation i1n circular PLA
Connector-57:
(SEQ ID NO: 3)
5'-/Phos/TGCTACCGTCTTACCGAGCTTCTGTGA

TGATGAGGATGCTCACATCGAGCAACTTGET -3

Connector-105t:
(SEQ ID NO: 4)
5'-/Phos/GTTCATGGGATCCTTCATTCCACCGGETC

CTTCATTCCACCGGTACGAGACGTGACGACTGCATTC
CTTCATTCCACCGGTCCTTCATTCCACCGGTTGCACC
TTA-3"

gPCR primers used for circular PLA
Forward Primer
(P1) :
(SEQ ID NO: 5)
5'-GCTCACATCGAGCAACTTGTGTT-3"

Reverse Primer
(P2) :
(SEQ ID NO: 6)
5' - AGCTCGGETAAGACGGTAGCATAA- 3!
Note:
Several different primer palrs were tested
and it was found that primers spanning
ligation junction sites worked the best.
These primers were also used for c¢-PLA pre-
amplification comparison.

-continued

Bridge oligo used for ligation in
traditional PLA

(SEQ ID NO: 7)
5'-CUACCGUGAUUCAUCCAG-3"

Pre-amplification primers used for
traditional PLA
Forward Primer:
(SEQ ID NO: 8}
5' -CATCGCCCTTGGACTAGCAT -3

Reversgse Primer:
(SEQ ID NO: 9)
L' -GGACGGGAATCAAGGTAACG-3 !

JgPCR primers used for traditional PLA
Forward Primer:

(SEQ ID NO: 10)
5'-ACCCATGAACACAAGTTGCG-3"!

Reverse Primer:
(SEQ ID NO: 11)
L' -GGACGGGAATCAAGGTAACG-3 !

[0156] Modeling of Antibody-Antigen-Antibody Com-
plex Formation at Equilibrium.

[0157] Using parameters dertved from kinetic analysis the
formation of antibody-antigen-antibody (Ab-Ag-Ab) com-
plexes was modeled at various conditions used 1n proximity
ligation assay. This information 1s valuable to gain a better
understanding of the assay and to support assay develop-
ment for equilibrium and pre-equilibrium conditions, which
often exist in cases of low analyte concentration and high
aflinity interactions. Using the equations described i FIG.
12 the fraction of antigens that form Ab-Ag-Ab complexes
at equilibrium was modeled. This allows one to estimate the
number of ligation events that may take place when the
equilibrium dissociation constants (K,,) are varied from

107" to 107> M.

[0158] It 1s noted that these calculations only consider the
formation of complexes and do not take into account
whether 1t will result in a ligation event. For example
ligation events will not be produced by complexes formed
between analogous proximity-probes or when one of the
antibodies 1n the complex lacks a conjugated oligo. Free
oligonucleotides that may contribute to background ligation
or stabilize formed complexes are also not considered in the
calculations.

[0159] The following tables provide supporting data for
graphs shown in the figures.
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TABLE 35
Figure 3a data.
VEGE c-PLLA t-PLLA
Concentration Counts SD SBR CV Counts SD SBR CV
[M] -] -] -] kd [-] -] -] [%%0]
1.00E-0R 4.83E+4+05 7. 70E+04 16274 15.9 2.50E+09 2.87E+08 7230 11.5
1.00E-09 7. 7T8E+05 1.28E+05 26204 16.4 3.98E+09 1.40E+09 11494 35.1
1.00E-10 0.59E+04 4. 84E+4+03 3228 5.0 7.59E4+08 1.35E+08 2193 17.7
1.00E-11 4.82E+03 6.50E+02 162 13.5 4.21E4+07 5.94E+06 122 14.1
1.00E-12 6.19E+02 7.46E+01 21 12.1 3.69E+06 1.48E+06 11 40.0
1.00E-13 2.72E+02 R.42E+01 o.1 31.0 1.61E+06 6.34E+05 4.6 394
1.00E-14 2.03E+02 9.35E+01 6.8 46.1 5.95E+05 2. 76E+05 1.7 46.3
0 2.97E+01 1.37E+01 46.2 3.46E+05 6.36E+04 18.4
Average CV 1n Linear Range 15.6 29.3
TABLE 6
Fioure 3b data.
GDNFE c-PLLA t-PLLA
Concentration Counts SD SBR CV Counts SD SBR CV
[M] [-] -] [-] [o] [-] [-] [-] [o]
1.00E-0R 2.14E+05 Q.95E+03 14167 4.6 1.02E+09 2.25E+08 1519 22.0
1.00E-09 4.2 7E+035 2.11E+04 28266 4.9 2.24E+09 3.58E4+08 3321 16.0
1.00E-10 5.94E+04 4. 79403 3932 8.1 6.04E+08 1.05E+08 R96 17.4
1.00E-11 3.34E+03 3.51E+02 221 10.5 6.06E+07 7.21E+06 90 11.9
1.00E-12 2.83E+02 7.36E+01 19 26.0 6.17E+06 R.33E+4+05 0.1 13.5
1.00E-13 1.72E+02 2.13E+01 11 12.4 7.19E+06 6.86E+06 11 054
1.00E-14 1.70E+01 1.38E+01 1.1 1.1 1.92E+06 1.02E+06 2.8 53.3
0 1.51E+01 4. 40E+00 29.1 6. 75E+05 1.70E+05 25.2
Average CV 1n Linear Range 12.4 30.8
TABLE 7
Figure 3¢ data.
I1.-6 c-PLLA t-PLLA
Concentration Counts SD SBR CV Counts D SBR CV
[M] -] -] -] [%%0] [-] -] -] [%%0]
1.00E-0R 1.37E+05 1.02E+05 7545 74.7 2.05E+09 2.16E+09 1411 105.7
1.00E-09 3.12E+05 1.26E+05 17179 40.5 3.87E+09 2.75E+09 2667 71.1
1.00E-10 3.08E+04 5.96E+03 1700 19.3 3.88E+08 1.16E+08 267 299
1.00E-11 1.98E+03 3.69E+02 109 18.6 3.72E+07 1.28E+07 26 34.3
1.00E-12 1.41E+02 4. 84E+01 7.8 34.3 1.16E+07 6. 79E+06 8.0 58.7
1.00E-13 R.43E+4+01 7.41E+01 4.6 R7.9 2.68E+06 1.29E+06 1.8 48.1
1.00E-14 5.52E+01 5.22E+01 3.0 04.5 3.03E+06 5.75E+05 2.1 19.0
0 1.81E+01 1.41E+01 77.9 1.45E+06 4 .83IE+05 33.3
Average CV 1n Linear Range 28.2 48.5
TABLE 8
Figure 3d data.
MIF c-PLLA t-PLLA
Concentration Counts SD SBR CV Counts D SBR CV
[M] -] -] -] [%0] [-] -] -] [%%0]
3.00E-07 3.69E+04 1.50E+03 2168 4.1 4.66E4+07 3.56E+06 24 7.6
1.00E-07 3.96E+04 1.08E+03 2326 2.7 5.20E+07 R.24E+4+06 27 15.9
1.00E-0R 2.98E+04 1.25E+03 1749 4.2 3.97E+07 6.61 E+06 21 16.7
1.00E-09 1.23E+04 7.11E+02 724 5.8 1.43E+07 1.80E+06 7 12.6
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TABLE 8-continued
Figure 3d data.
MIF c-PLA t-PLA
Concentration Counts SD SBR CV Counts D SBR CV
[M] -] -] -] kd [-] -] -] kd
1.00E-10 1.02E+03 9.09E+01 60 %.9 1.84E+06 3.46E4+05 1 18.8
1.00E-11 9.66E+01 2.18E+01 5.7 22.6 6.81E+05 7.59E4+05 0.4 111.4
0 1.13E+01 5.67E+00 50.3 1.70E+05 8.92E+04 52.4
Average CV 1n Linear Range 10.4 39.9
TABLE 9
Fioure 3e data.
TNF-a c-PLA t-PLA
Concentration Counts SD SBR CV Counts SD SBR CV
[M] [-] -] [-] [o] [-] [-] [-] [o]
5.00E-07 3.30E+04 2.89E+03 2928 8.8 1.33E+08 1.23E+07 78O0 0.3
1.00E-08 1.16E+04 R.51E4+02 1031 7.3 5.40E+07 5.99E+06 317 11.1
1.00E-09 3.70E+03 3.16E+02 328 8.5 1.98E+07 5.43E+06 116 27.5
1.00E-10 2.60E+02 1.45E+01 23 5.6 2. 70E+06 6.61 E+035 15.9 24.5
1.00E-11 2.21E+01 1.24E+01 2.0 56.3 4 43E+05 5.04E4+05 2.6 113.8
1.00E-12 4.62E+00 2.54E+00 0.4 55.0 1.65E+06 5.39E4+05 Q.7 32.7
0 1.59E+01 1.18E+01 74.2 8.29E+05 4 .81 E+05 58.0
Average CV in Linear Range 19.4 44.2
TABLE 10
Figure 31 data.
IGE-II c-PLLA t-PLLA
Concentration Counts SD SBR CV Counts SD SBR CV
[M] -] -] -] kd [-] [-] -] [%%0]
1.00E-06 4 97E+04 3.14E+03 227 6.3 4.7 TE+07 4.72E4+06 65 9.9
1.00E-07 5.03E+04 4.31E+4+03 230 8.6 5.89E+07 4.07E+06 81 6.9
1.00E-0% 1.22E+04 2.15E+03 56 17.6 1.75E+07 2.90E+06 24 16.6
1.00E-09 5.27E+02 1.30E+02 2.4 24.7 6.41E+05 3.18E4+05 0.9 49.5
1.00E-10 2.15E+02 1.39E+02 1.0 64.5 1.45E+05 1.98E+04 0.2 13.7
1.00E-11 1.71E+02 6.27E+01 0.8 36.7 4. .00E+05 2.62E4+05 0.5 65.6
0 2.19E+02 1.09E+02 49 9 7.29E4+05 6.10E+05 3.7
Average CV 1n Linear Range 17.0 24.3
TABLE 11
Figure 5 data.
TNF-« c-PLA 1X c-PLA 10X
Concentration Counts SD SBR CV Counts D SBR CV
[M] -] -] -] [%0] [-] -] -] [%%0]
5.00E-07 3.30E+04 2.89E+03 2074 %.8 6.50E+05 8.32E+03 3552 1.3
1.00E-0% 1.16E+04 8.51E+4+02 730 7.3 3.59E+05 2.13E+04 1961 5.9
1.00E-09 3.70E+03 3.16E+02 232 R.5 R.00E+04 5.97E4+03 437 7.5
1.00E-10 2.60E+02 1.45E+01 16 5.6 4.62E+03 3.31E+02 25 7.2
1.00E-11 2.21E+01 1.24E+01 1.4 56.3 5.90E+02 2.82E+02 3.2 47.9
0 1.59E+01 1.18E+01 74.2 1.83E+02 7.98E+01 43.6
Average CV in Linear Range 19.4 17.1
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TABLE 11-continued
TNF-a t-PLA 1X t-PLLA 10X
Concentration Counts SD SBR CV Counts D SBR CV
[ M] -] -] -] kd [-] -] -] kd
5.00E-07 1.33E408 1.23E407 160 03 2.24E+09 1.22E408 392 5.4
1.00E-08 5.40E+4+07 5.99E406 65 11.1 1.33E+09 0.22E+4+07 233 6.9
1.00E-09 1.98E+07 5.43E406 24 27.5 3.20E4+08 2. 76E+4+07 56 8.6
1.00E-10 2. 70E4+06 6.61 E+05 3.3 24.5 2.75E+07 4.09E+06 4.8 14.9
1.00E-11 4 43E4+05 5.04E+405 0.5 113.8 7.03E4+06 3.38E+406 1.2 48.1
0 8.29E+05 4.81E+05 5.0 5.72E4+06 2.22E406 3R.9
Average CV in Linear Range 44.2 19.6
TABLE 12
Figure 6a data.
VEGFE c-PLA Chicken Plasma c-PLA Human Plasma
Concentration Counts SD SBR CV Counts D SBR CV
[M] -] -] -] [%%0] [-] -] -] [%%0]
1.00E-08 4.08E+04 1.83E403 4425 4.5 2.48E+4+04 2.51E403 96 10.2
1.00E-09 7.36E+04 4. 79E+03 7975 6.5 4.05E+04 5.79E+403 156 14.3
1.00E-10 2.68E+04 1.10E403 2905 4.1 1.38E+4+04 1.24E+403 53 9.0
1.00E-11 2.16E+403 1.18E+02 234 5.4 1.77E4+03 1.81E+4+02 6.8 10.3
1.00E-12 1.98E+02 2. 72E+01 22 13.7 4 08E+02 3.51E+01 1.6 8.6
1.00E-13 2.90E+01 9. 48E+00 3.1 32.7 3.10E+02 1.26E+01 1.2 4.1
1.00E-14 1.07E+01 3.33E+00 1.2 31.1 2.92E+02 3.43E+01 1.1 11.8
0 9.23E+4+00 2.65E+00 2R.8 2.59E4+02 4 46E+01 17.2
Average CV in Linear Range 12.5 10.5
VEGFEF t-PLLA Chicken Plasma t-PLA Human Plasma
Concentration Counts SD SBR CV Counts D SBR CV
[M] -] -] -] [%%0] [-] -] -] [%%0]
1.00E-08 1.49E+4+08 7. 71E+07 2230 51.6 R.23E+07 1.62E+4+07 51 19.7
1.00E-09 2.39E408 R.30E+07 3577 34.7 1.40E4+08 3.87E+4+07 R6 27.5
1.00E-10 Q. 58E+07 2.67E+07 1432 27.8 4 90E+07 1.14E+407 30 23.3
1.00E-11 7.94E406 1.74E+406 119 22.0 7.15E4+06 1.34E406 4.4 1R.7
1.00E-12 7.87E4+05 2.29E+405 12 29.0 2.06E+06 3.73E+405 1.3 1R.1
1.00E-13 1.33E405 2. 71E+4+04 2.0 20.4 1.79E4+06 2.54E405 1.1 14.2
1.00E-14 7.16E+04 1.13E+04 1.1 15.8 1.63E4+06 4.13E+05 1.0 25.3
0 6.69E+04 6.13E+03 9.2 1.63E4+06 3.96E+405 24.3
Average CV 1n Linear Range 26.8 21.9
TABLE 13
Figure 6b data.
TNF-a c-PLLA 1X Human Plasma c-PLLA 10X Human Plasma
Concentration Counts SD SBR CV Counts D SBR CV
[M] -] -] -] [%%0] [-] -] -] [%%0]
5.00E-07 2.88E+04 1.72E403 383 6.0 4. 95E+035 2.33E4+04 230 4.7
1.00E-08 4.7 7TE+03 4.22E+02 63 8.8 1.58E+405 1.04E+04 73 6.6
1.00E-09 1.31E+403 2.92E+402 17 22.3 4.54E+04 4.25E+03 21 0.4
1.00E-10 3.31E+402 4.52E+01 4.4 13.7 7.42E403 7.03E4+02 3.4 9.5
1.00E-11 1.05E+02 2.16E+01 ' 20.5 2.97E+4+03 1.60E+02 1.4 5.4
1.00E-12 7.59E+4+01 2.07E+01 27.2 2.26E+403 1.73E+4+02 1.0 7.6
1.00E-13 8.37E+01 2.03E+01 24.3 2.03E+403 6.31E+02 0.9 31.1
0 7.53E+4+01 1.32E4+01 17.5 2.15E+403 2.42E402 11.2
Average CV in Linear Range 16.3 7.7
TNF-a t-PLLA 1X Human Plasma t-PLA 10X Human Plasma
Concentration Counts SD SBR CV Counts D SBR CV
[M] -] -] -] [%%0] [-] -] -] [%%0]
5.00E-07 2.12E+408 2.17E+07 892 10.2 2.25E+09 2.80E+4+08 198 12.4
1.00E-08 1.79E4+07 2.27E406 75 12.7 3.81E4+08 4 34E+07 33 11.4
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TABLE 13-continued
1.00E-09 4.96E+06 5.80E+05 21 11.7 8.87E+07 1.65E4+07 7.8 18.6
1.00E-10 1.56E+06 3.20E4+05 6.6 20.5 1.44E+07 53.21E+06 1.3 36.3
1.00E-11 7.45E+05 0.02E+05 3.1 80.7 4.13E4+06 2.59E+06 0.4 62.6
1.00E-12 1.54E+05 9.20E+04 0.6 59.6 2.70E+407 3.42E+07 2.4 126.7
1.00E-13 2.03E+05 1.86E+05 0.9 91.%8 1.36E+07 1.29E+4+07 1.2 94.7
0 2.38E+05 2.47E+405 104.0 1.14E+07 1.51E4+07 132.5
Average CV 1n Linear Range 31.4 32.2
TABLE 14
Figure 8 data.
VEGFE c-PLA w/ PreAmp t-PLA w/ Pre Amp
Concentration Counts SD SBR CV Counts SD SBR CV
[M] [-] [-] [-] [¥o] [-] [-] [-] [“o]
1.00E-0O8 8.14E+07 1.45E+407 1367 17.8 1.00E+09 1.30E+408 5683 13.0
1.00E-09 2.36E+08 1.26E+07 3968 5.3 1.19E+09 6.96E+07 6745 5.9
1.00E-10 6.02E+07 5.82E+06 1011 9.7 1.78E+08 2. 75E+07 1013 15.4
1.00E-11 4.88E+06 4.8 7E4+05 82 10.0 1.26E+07 3.23E+06 71 25.7
1.00E-12 5.16E+05 5.85E+04 8.7 11.4 1.26E+06 1.98E+05 7.1 15.7
1.00E-13 9.55E+04 2.15E+04 1.6 22.5 5.77E+05 8.31E+04 3.3 14.4
1.00E-14 9.02E+04 2.52E403 1.5 2.8 3.63E+05 1.83E+05 2.1 50.4
0 5.96E+04 2.09E+04 35.2 1.76E+05 4.45E+04 25.3
Average CV 1n Linear Range 11.8 15.4
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SEQUENCE LISTING

Sequence total quantity: 11

SEQ ID NO: 1 moltype = DNA length = 40
FEATURE Location/Qualifiers
misc feature 1..40

note = gsynthetic oligonucleotide
source 1..40

mol type = other DNA

organism = synthetic construct

SEQUENCE: 1
tcacggtagce ataaggtgca cgttaccttg attccegtcec

SEQ ID NO: 2 moltype = DNA length = 60
FEATURE Location/Qualifiers
migc feature 1..60

note = gsynthetic oligonucleotide
source 1..60

mol type = other DNA

organism = synthetic construct

SEQUENCE: 2
catcgcecectt ggactagcat acccatgaac acaagttgceg tcacgatgag actggatgaa

SEQ ID NO: 3 moltype = DNA length = 57
FEATURE Location/Qualifiers
misc feature 1..57

note = gsynthetic oligonucleotide
source 1..57

mol type = other DNA

organism = synthetic construct

SEQUENCE: 23
tgctaccgtce ttaccgagcet tcectgtgatga tgaggatgcet cacatcgagce aacttgt

SEQ ID NO: 4 moltype = DNA length = 105
FEATURE Location/Qualifiers
misc feature 1..105

note = gsynthetic oligonucleotide
source 1..105

mol type = other DNA

organism = synthetic construct

SEQUENCE: 4
gttcatggga tccttcatte caccggtcect tcattceccacce ggtacgagac gtgacgactg
cattccttca ttccaccggt ccttcattcecce accggttgca cctta

SEQ ID NO: b5 moltype = DNA length = 23
FEATURE Location/Qualifiers
misc feature 1..23

note = gynthetic oligonucleotide
source 1. .23

mol type = other DNA

organism = synthetic construct

SEQUENCE: b
gctcacatcg agcaacttgt gtt

SEQ ID NO: 6 moltype = DNA length = 23
FEATURE Location/Qualifiers
migc feature 1..23

note = gynthetic oligonucleotide
source 1..23

mol type = other DNA

organism = synthetic construct

SEQUENCE: ©
agctcggtaa gacggtagca taa

SEQ ID NO: 7 moltype = RNA length = 18
FEATURE Location/Qualifiers
misc feature 1..18

note = gynthetic oligonucleotide
source 1..18

mol type = other RNA

organism = synthetic construct

SEQUENCE: 7
ctaccgtgat tcatccag

SEQ ID NO: 8 moltype = DNA length = 20
FEATURE Location/Qualifiers
misc feature 1..20

40

60

577

60
105

23

23

18
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24
-continued
note = gynthetic oligonucleotide
gource 1..20
mol type = other DNA
organism = synthetic construct
SEQUENCE: 8
catcgccctt ggactagecat 20
SEQ ID NO: 9 moltype = DNA length = 20
FEATURE Location/Qualifiers
migc feature 1..20
note = gynthetic oligonucleotide
source 1..20
mol type = other DNA
organism = synthetic construct
SEQUENCE: ©
ggacgggaat caaggtaacg 20
SEQ ID NO: 10 moltype = DNA length = 20
FEATURE Location/Qualifiers
misc feature 1..20
note = gynthetic oligonucleotide
source 1..20
mol type = other DNA
organism = synthetic construct
SEQUENCE: 10
acccatgaac acaagttgcg 20
SEQ ID NO: 11 moltype = DNA length = 20
FEATURE Location/Qualifiers
migc feature 1..20
note = gsynthetic oligonucleotide
source 1..20
mol type = other DNA
organism = synthetic construct
SEQUENCE: 11
ggacgggaat caaggtaacg 20

1-20. (canceled)

21. A method for sample analysis comprising:

(a) incubating a sample comprising a target analyte that 1s

at a concentration of less than 100 nM with:

(1) a first conjugate comprising a binding agent and a
first splint oligonucleotide, and

(1) a second conjugate comprising a binding agent and
a second splint oligonucleotide,

wherein the first and second conjugates are one or more
proteins that have been split into a first portion and
a second portion and then conjugated to the first and
second splint oligonucleotides,

under conditions suitable for binding of the binding
agents of the first and second conjugates to the target
analyte, to produce a product;

(b) incubating at least some of the product of step (a) with:

(1) a set of probes that produces a ligatable circle only
when the probes are hybridized to the first and
second splint oligonucleotides; and

(1) a ligase;
to produce a reaction mix comprising covalently closed
circular molecules:
(¢) terminating the ligation of step (b); and

(d) after step (c¢), quantitying the amount of covalently
closed circular molecules produced 1n step (b).

22. The method of claim 21, wherein the first and second
conjugates bind to the target analyte with a low athnity.

23. The method of claim 21, wherein the quantifying step
(d) 1s done by quantitative PCR, digital PCR, by hybridiza-
tion to a microarray or by sequencing.

24. The method of claim 23, wherein the primers used for
the quanftitative PCR target the ligation junctions in the
covalently closed circular molecules of (d).

25. The method of claim 21, wherein step (d) comprises
amplifying the covalently closed circular molecules by
rolling circle amplification (RCA) to produce RCA products.

26. The method of claim 25, wherein the method com-
prises counting the RCA products.

277. The method of claim 21, wherein the reactions of steps
(a)-(c) are done 1n the same vessel.

28. The method of claim 27, wherein step (b) comprises
adding the set of probes and ligase to the vessel comprising
the product of step (a), and step (¢) comprises adding one or
more reagents to the vessel comprising the ligation product

of step (b).
29. The method of claim 21, wherein:
(1) the sample comprises a plurality of target analytes,

(11) step (a) comprises incubating the sample with multiple
pairs of said first and second conjugates, wherein each
pair of conjugates binds to a different target analyte;
and

(111) step (d) comprises quantitying the number of cova-
lently closed circular molecules corresponding to each
target analyte.

30. The method of claim 21, wherein:

at least one of the members of the set of probes of step
(b)(1) has a molecular index; and

step (d) 1s done by 1. sequencing the covalently closed
circular molecules and then 11 counting the number of
covalently closed circular molecules using the index
sequence.
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31. The method of claim 21, wherein the target analyte 1s
antibody, and the binding agent 1s protein to which the
antibody binds.

32. The method of claim 21, wherein the target analyte 1s
a protein and the binding agent 1s an afhnmty purified
polyclonal antibody.

33. The method of claim 21, wherein the sample 1s blood
plasma, blood serum, saliva, urine, amniotic fluid, aqueous
humour, vitreous humour, whole blood, fractionated blood,
breast milk, cerebrospinal fluid, endolymph, perilymph,
feces, mucus, pericardial fluid, peritoneal tluid, pleural fluid,
pus, semen, sputum, sweat, tears or vomit.
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