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MULTIPLEXED DETECTION WITH
ISOTOPE-CODED REPORTERS

RELATED APPLICATIONS

[0001] This application 1s a continuation of U.S. applica-
tion Ser. No. 15/842,162, entitled “MULTIPLEXED

DETECTION WITH ISOTOPE-CODED REPORTERS”
filed on Dec. 14, 2017, which 1s a continuation of U.S.
application Ser. No. 14/005,416, entitled “MULTIPLEXED
DETECTION WITH ISOTOPE-CODED REPORTERS”
filed on Jun. 12, 2014, which 1s a National Phase application
under 35 U.S.C. § 371 of International Application No.
PCT/US2012/029200, filed Mar. 15, 2012, which claims
priority under 35 U.S.C. § 119(e) to U.S. Provisional Appli-
cation Ser. No. 61/452,908, entitled “MULTIPLEXED
DETECTION OF ANALYTES WITH ISOTOPE-CODED
REPORTERS” filed on Mar. 15, 2011, which are herein

incorporated by reference in their entirety.

GOVERNMENT SUPPORT

[0002] This invention was made with government support

under Grant RO1-CA12442°7 awarded by the National Insti-
tutes of Health. The U.S. government has certain rights in
this invention.

REFERENCE TO AN ELECTRONIC SEQUENCE
LISTING

[0003] The contents of the electronic sequence listing
(MO065670233US03-SEQ-FL.xml; Size: 111,002 bytes; and
Date of Creation: Dec. 6, 2022) 1s herein incorporated by
reference in 1ts entirety.

BACKGROUND OF THE INVENTION

[0004] Mass spectrometry (MS) 1s an analytical technique
that 1s useful for detecting analytes in both a quantitative and
a qualitative way. During the MS process, detectable mol-
ecules, called mass tags, are ionized to generate charged
molecules or molecule fragments and subsequently the
mass-to-charge ratio of these molecules 1s measured.
[0005] MS 1s a highly versatile technology that can be
used 1n various scenarios ol analyte detection, for example,
in biomedical diagnostics, and environmental analysis. For
example, MS can be used to determine the presence or
absence of an analyte, for example, a protein, nucleic acid,
biomolecules, or small molecule compound, 1n a sample (for
example, a biological sample), and/or to quantily an analyte
in a sample.

[0006] While conventional MS assays are capable of
detecting multiple analytes, e.g., peptides, simultaneously,
quantitative analysis of multiple samples, e.g. from different
individuals or time points, 1s currently limited to 4-plex,
6-plex, and 8-plex formats. Further, diflerent analytes often
have widely varying physiochemical properties, and, thus,
MS properties, which results in similarly wide vanability 1n
sensitivity, specificity, and accuracy of MS based detection
of different analytes. This variability in physiochemical
properties of different analytes limits accurate simultaneous
quantification of such different analytes 1 multiplex MS
assays. The detection of multiple naturally-occurring or
endogenous analytes, the chemical structures, of which often
widely vary, also often necessitate monitoring a wide mass
window 1n a single MS assay, which can be very time-
intensive. Further, the detection of target analytes 1n com-
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plex samples, such as biological samples (e.g., blood, serum,
or tissue biopsies), 1s often diflicult and challenging without
extensive prior front-end processing prior to MS assays.

SUMMARY OF THE INVENTION

[0007] Some aspects of this invention address the short-
comings of conventional MS technology by providing novel
reagents and methods for the simultaneous detection of a
virtually unlimited number of analytes in a sample, for
example, a complex biological sample (e.g., a blood or
tissue sample obtained from a subject) using MS method-
ology.

[0008] In some embodiments, this mvention provides 1so0-
tope coded reporter molecules, referred to herein as
1COREs, which are useful as mass tags in multiplexed MS
based analyte detection. In some embodiments, sets, or
libraries of 1ICOREs are provided that are useful 1in multi-
plexed detection of a virtually unlimited number of analytes
in a sample. In some embodiments, the 1ICORESs 1n such a set
or library are 1sobaric and different 1ICOREs within such a set
or library are distinguished by their unique fragmentation
ion signature. In some embodiments, diflerent fragmentation
signatures are conferred to different 1COREs by differential
1sotope labeling. For example, in some embodiments, this
invention provides a set or library of 1CORESs, e.g., a set of
1sobaric, 1sotope-labeled, peptide mass tags, that are useful
in the multiplexed MS based analyte detection methods
provided herein. Methods for the use of 1ICOREs and sets or
libraries of 1ICOREs are also provided herein.

[0009] Some aspects of this mvention provide reagents
and methods that are useful for the translation of a param-
cter, for example, the presence of a target analyte 1n a
sample, the presence of a target activity in a sample, or the
identity of a sample, cell, or tissue, into an 1ICORE for MS
detection, allowing for biochemical encoding of the param-
cter. For example, 1n some embodiments, this invention
provides reagents and methods for the simultaneous trans-
lation, or biochemical encoding, of a plurality of analytes,
for example, analytes of varying a chemical structure, 1n a
complex sample (e.g., a blood or tissue sample obtained
from a subject) ito a plurality of 1COREs, for example, a
plurality of 1sobaric, 1sotope-labeled, peptide mass tags, so
that each analyte 1s represented by a different 1ICORE having
a characteristic fragmentation signature. Accordingly, each
analyte can be identified by detecting the fragmentation
signature associated with the specific 1ICORE encoding the
analyte, for example, 1n an MS/MS assay. To give another
example, 1 some embodiments, this invention provides
reagents and methods for the simultaneous translation, or
biochemical encoding, of a plurality of biological activities,
for example, enzymatic activities (e.g., protease, kinase, or
phosphatase activities), 1n a complex sample (e.g., a blood or
tissue sample obtained from a subject) into a plurality of
1CORESs, for example, a plurality of 1sobaric, 1sotope-la-
beled, peptide mass tags, so that each activity 1s represented
by a different 1ICORE having a characteristic fragmentation
signature. Accordingly, each activity can be identified by
detecting the fragmentation signature associated with the
specific 1ICORE encoding the activity, for example, 1n an
MS/MS assay.

[0010] Each of the embodiments of the invention can
encompass various recitations made herein. It is, therefore,
anticipated that each of the recitations of the invention
involving any one element or combinations of elements can,
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optionally, be included in each aspect of the invention.
Similarly, each aspect or embodiment of the invention can
be excluded from any other aspect or embodiment, or any
combination of aspects or embodiments of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIGS. 1A-1B. Schematic of an exemplary method

for multiplexed translational analyte detection. The dis-
played method includes an optional enrichment step.

[0012] FIG. 2. Utilization of a canonical peak from glu-fib
MS/MS spectra as reporter. The fragmentation spectrum of
glu-fib and an exemplary encoding strategy 1s shown.
EGVNDNEEGFFSAR corresponds to SEQ ID NO: 1.

[0013] FIG. 3. MS and MS/MS data obtained from a

10-plex 1CORE library experiment. EGVNDNEEGFFSAR
corresponds to SEQ ID NO: 1.

[0014] FIG. 4. Multiplex,
1CORESs 1n library.

[0015] FIG. 5. Evaluation of the dynamic range of multi-
plexed 1CORE assays.

[0016] FIG. 6. Photocleavage and photocleavage efhi-
ciency. EGVNDNEEGFFSAR corresponds to SEQ ID NO:
1. KGGPVGLIGC corresponds to SEQ 1D NO: 2.

[0017] FIG. 7. Exemplary chemistry for the generation of
PEG hydrogel-embedded 1CORE tags.

[0018] FIGS. 8A-8C. Schematic of 1CORE approach for
urinary diagnostics.

[0019] FIGS. 9A-9C. Long-circulating iron oxide nano-
worm chaperones.

[0020] FIGS. 10A-10E. Selecting protease-sensitive sub-
strates Tor NW-chaperoned urnary traflicking.

[0021] FIGS. 11A-11H. Urmary biomarkers of hepatic
fibrosis and resolution in DDC-treated mice.

quantitative detection of

[0022] FIGS. 12A-12D. Immunofluorescence of liver sec-
tions.
[0023] FIGS. 13A-13F. Photo-caged 1CORE libraries for

multiplexed profiling of protease activities by LC MS/MS.
EGVNDNEEGFFSAR corresponds to SEQ ID NO: 1.
KGGPWGIWGQGGC corresponds to SEQ ID NO: 3.

[0024] FIGS. 14A-14B. Isobaric (COded REporter
(1ICORE) mass encoding. EGVNDNEEGFFSAR corre-
sponds to SEQ ID NO: 1.

[0025] FIG. 15. MS/MS spectrum of 10-plex 1CORE

library. 1CORE peak clusters centered on y-type 1ons. The y6
region outlined by a box 1s presented as FIG. 13e.

[0026] FIGS. 16 A-16B. Unit collection window for pep-
tide fragmentation minimizes peak overlap arising from
naturally occurring 1sotopes. (a) A typical MS spectrum of
an 1sotope-coded Glu-fib peptide. The parent precursor
peptide was collected for fragmentation via a unit mass
window (gray), excluding the naturally occurring isotope
peaks. (b) Resulting MS/MS spectrum. Isotope peak was
mimmized, comprising ~5% of the original peak intensity.
EGVNDNEEGFFSAR corresponds to SEQ ID NO: 1. GFF-
SAR corresponds to SEQ ID NO: 4.

[0027] FIGS. 17A-17C. 1CORE LC MS/MS analysis 1s
quantitative.
[0028] FIGS. 18A-18B. Protease-specific 1CORE mass

signatures. (a) 1ICORE MS/MS profiles of recombinant pro-

teases MMP2, MMP12, and thrombin. (b) Graphical repre-
sentation of Pearson’s correlation coetlicients between pro-

feases.
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[0029] FIG. 19. 1CORE profiles of control animals. Box-
and-whisker plots of individual 1CORE peak intensities
(repeated measures ANOVA, n=5)

[0030] FIGS.20A-20B. ROC curves of fibrosing biomark-
ers.

[0031] FIGS. 21A-21B. ROC curves of resolving bio-
markers.

[0032] FIG. 22. In vitro CEA secretion by LS 174'T human

colorectal cancer cells. Quantification of CEA from media at

days 1 and 2 by ELISA.

[0033] FIGS. 23A-23G. Synthetic biomarkers outperform
serum CEA for early cancer detection.

[0034] FIGS. 24A-24B. NW accumulation 1n tumor tissue.
(a) VivoTag-680-labeled NWs or saline solutions were
injected mto LS 174T xenograft animals. Following exci-
sion, the tumors were scanned for NW accumulation. (b)
Immunotluorescence analysis of tumor sections for blood
vessels and NW. Scale bar=>50 um.

[0035] FIGS. 25A-25B. ROC curves of tumor biomarkers.
DEFINITIONS
[0036] The term activity, as used herein, refers to a bio-

logical activity. The term includes, 1n some embodiments,
enzyme activity, for example, hydrolase, transierase, lyase,
isomerase, ligase, or oxidoreductase activity. In some
embodiments, the activity 1s a protease activity. In some
embodiments, the activity 1s a phosphatase activity. In some
embodiments, the activity 1s a kinase activity. Enzymatic
activity can be encoded 1in 1COREs, for example, by pro-
viding a substrate of the target enzyme comprised in an
1CORE, exposing the 1CORE to a sample comprising the
enzyme, and detecting the enzyme-modified substrate, for
example, by methods described herein. Typically, an 1ICORE
for encoding an enzyme activity comprises a target substrate
of that enzyme (e.g., a protease recognition site, or a
phosphorylation site, etc.), and the modification of the target
site by the enzyme (e.g., cleavage, phosphorylation or
de-phosphorylation) can be detected, for example, by meth-
ods described herein.

[0037] The term analyte, as used herein, refers to a mol-
ecule the presence or absence or the quantity of which 1s
subject to analysis. Typically, an analyte 1s a molecule of
interest, for example, a protein or peptide, a nucleic acid
molecule, a carbohydrate, a lipid, a metabolite, a small
organic molecule, a drug, or a drug derivative (e.g. a drug
metabolite), a cell surface marker, or a secreted molecule,
the detection or quantification of which 1s of interest to a
researcher or clinician, for example, for research or diag-
nostic purposes. A target analyte 1s an analyte the presence,
absence, or the quantity of which 1n a sample, for example,
in a biological, experimental, or environmental sample is
subject to analysis. An analyte may be a biomarker, for
example, a biomarker the presence, absence, or quantity of
which 1n a sample indicates a particular condition of the
sample or the subject, experiment, or environment the
sample was obtained from. In some embodiments, an ana-
lyte 1s a biomedical biomarker, for example, a protein,
peptide, polysaccharide, small molecule, or metabolite 1n a
sample obtained from a subject diagnosed with or suspected
to have a disease or condition, wherein the presence,
absence, or quantity of the biomarker in the sample 1is
indicative of the presence, absence, or state of the disease or
condition in the subject. For example, 1n some embodi-
ments, a diagnostic assay provided herein comprises the
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detection of a panel of protein and metabolite biomarkers the
presence, absence, or quantity of which in a blood or serum
sample obtained from a subject 1s indicative of the presence,
absence, or state of a cancer, or a plurality of cancers in the
subject. The protein and metabolite biomarkers investigated
in such an assay would be the target analytes of that assay.

[0038] The term antibody, as used herein, refers to an
immunoglobulin, whether natural or wholly or partially
synthetically produced. Antibody derivatives which main-
tain specific binding ability, for example, antigen-binding,
antibody fragments, such as Fab, Fab', or F(ab')2 fragments,
or engineered antibodies, such as scFvs, are also included
referred to by the term antibody. The term also refers to any
protein having a binding domain which 1s homologous or
largely homologous to an immunoglobulin binding domain.
These proteins may be derived from natural sources, or
partly or wholly synthetically produced. An antibody may be
monoclonal or polyclonal. An antibody may be a member of
any immunoglobulin class, including, but not limited to, any

of the human classes: 1gG, IgM, IgA, IgD, and IgE.

[0039] The term antibody fragment, as used herein, refers
to any derivative of an antibody which 1s less than full-
length. Preferably, the antibody fragment retains at least a
significant portion of the full-length antibody’s specific
binding ability. Examples of antibody fragments include, but
are not limaited to, Fab, Fab', F(ab')2, scFv, Fv, dsFv, diabody,
single variable domain, and Fd fragments. The antibody
fragment may be produced by any means. For instance, the
antibody fragment may be enzymatically or chemically
produced by fragmentation of an intact antibody or 1t may be
recombinantly produced from a gene encoding the partial
antibody sequence. Alternatively, the antibody fragment
may be wholly or partially synthetically produced. The
antibody fragment may optionally be a single chain antibody
fragment. Alternatively, the fragment may comprise mul-
tiple chains which are linked together, for instance, by
disulfide linkages. The fragment may also optionally be a
multi-molecular complex. A functional antibody fragment
will typically comprise at least about 50 amino acids and
more typically will comprise at least about 200 amino acids.
Single-chain Fvs (scFvs) are recombinant antibody irag-
ments consisting of only the vanable light chain (VL) and
variable heavy chain (VH) covalently connected to one
another by a polypeptide linker. Either VL or VH may be the
NH2-terminal domain. The polypeptide linker may be of
variable length and composition so long as the two variable
domains are bridged without serious steric interference.
Typically, the linkers are comprised primarily of stretches of
glycine and serine residues with some glutamic acid or
lysine residues interspersed for solubility. Diabodies are
dimeric scFvs. The components of diabodies typically have
shorter peptide linkers than most scFvs, and they show a
preference for associating as dimers. An Fv fragment 1s an
antibody fragment which consists of one VH and one VL
domain held together by non-covalent interactions. The term
dsFv 1s used hereimn to refer to an Fv with an engineered
intermolecular disulfide bond to stabilize the VH-VL pair.
An F(ab")2 fragment 1s an antibody fragment essentially
equivalent to that obtained from immunoglobulins (typically
Ig(G) by digestion with an enzyme pepsin at pH 4.0-4.5. The
fragment may be recombinantly produced. A Fab' fragment
1s an antibody fragment essentially equivalent to that
obtained by reduction of the disulfide bridge or bridges
joimng the two heavy chain pieces in the F(ab')2 fragment.
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The Fab' fragment may be recombinantly produced. A Fab
fragment 1s an antibody fragment essentially equivalent to
that obtained by digestion of immunoglobulins (typically
Ig(G) with the enzyme papain. The heavy chain segment of
the Fab fragment 1s the Fd piece.

[0040] The term binding agent, as used herein, refers to a
molecule that binds to another molecule with high afhinity. In
some embodiments, the binding 1s through non-covalent
interaction. In some embodiments, the binding 1s specific,
meaning that the binding agent binds only one particular
type of molecule, or a narrow class of highly similar
molecules with high aflinity. Non-limiting examples of
binding agents are antibodies, antibody fragments, aptamers,
and adnectins.

[0041] The term body fluid, as used herein, refers to any
body fluid including, without limitation, serum, plasma,
lymph fluid, synowvial fluid, follicular fluid, seminal fluid,
amniotic tluid, mild, whole blood, sweat, urine, cerebrospi-
nal tluid, saliva, semen, sputum, tears, perspiration, mucus,
tissue culture medium, tissue extracts, and cellular extracts.
It may also apply to fractions and dilutions of body fluids.
The source of a body fluid can be a human body, an animal
body, an experimental animal, a plant, or other organism.

[0042] The term conjugated, as used herein, refers to a
state of relatively stable association between two entities, for
example, between an 1CORE and a binding agent. In some
embodiments, conjugated entities are linked by a direct or
indirect covalent or non-covalent interaction. Preferably, the
association 1s via covalent bond. In some embodiments, two
peptides are conjugated via protein fusion, e.g., a peptide
1CORE as provided herein, may be conjugated to a peptidic
binding agent, e.g., an antibody or antibody fragment, by
tusing the 1CORE to the binding agent, e.g., by expression
of a recombinant 1ICORE-binding agent fusion protein. Non-
covalent interactions that result in conjugation include, but
are not limited to hydrogen bonding, van der Waals inter-
actions, hydrophobic interactions, magnetic interactions,
and electrostatic interactions. Typically, two conjugated
entities are associated with each other 1n a manner stable
enough to withstand the conditions typically encountered
during an 1CORE experiment, for example, an 1CORE
conjugated to a binding agent 1s associated with the binding
agent 1n a manner suflicient for the bond between the two to
endure the binding and washing steps typically comprised 1n
the methods they are used 1n, for example, before the two
entities are intentionally separated (e.g., by cleaving a linker
connecting the 1CORE to the binding agent).

[0043] The term enriched, as used herein, refers to a
sample or composition in which the proportion of a material
of interest 1n a mixture of materials comprising both the
material of interest and at least one additional material 1s
increased as compared to the original proportions in the
sample. Such an increase can be achieved by methods of
physical separation, chemical interaction or reaction, and
other methods well known to those of skill in the art, or
prowded herein. For example, an original sample compris-
ing a population of different 1ICOREs conjugated to different
binding agents may be enriched to include predominantly
those 1CORESs conjugated to binding agents that bind to their
specific target analytes by immobilizing the analyte-bound
1CORESs on a solid support and washing away all or most of
the unbound 1CORE:s. Isolation or purification are within the
scope of the term, but such steps are not required in order to
enrich a compound, e.g., a desired 1CORE.
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[0044] The term fragmentation signature, or Iragmenta-
tion 10n signature, as used herein, refers to the pattern of 1ons
that an 1ICORE can fragment into, for example, during an MS
assay, €.g., an MS/MS assay. In some embodiments, difler-
ential 1sotope labeling of 1COREs of the same base
sequence, e.g., of the same amino acid sequence 1n the case
of peptide 1CORESs, 1s used to produce a set of different
1sobaric 1ICOREs, each of which produces at least one 10n,
for example, a y, 10n, that can be distinguished from other
ions of the same type, €.g., v, 10ons, produced by the other
1COREs of the set, e.g., in an MS assay, e.g. an MS/MS
assay. For example, the ten exemplary 1COREs G1-G10
described 1n FIG. 3 each exhibit a unique fragmentation
signature, each producing a different mass peak representing
the vy, fragment of the 1ICOREs 1n an MS/MS assay. A unique
fragmentation signature 1s a signature of a given polymeric
molecule that results in a unique fragmentation ion, for
example, a unique y, fragmentation ion, which can be
unambiguously i1dentified, or which can be distinguished
from any other fragmentation 1on, e.g., any other y-. 1on
produced by a library of 1COREs. In some embodiments,
different fragmentation signatures are conferred to different
1COREs by differential 1sotope labeling. For example, 1n
some embodiments, an 1sobaric 1CORE library 1s produced
by distributing heavy 1sotopes across the 1ICORE molecule,
¢.g., across the amino acid residues of a peptide 1CORE, 1n
a way that each different 1CORE produces a reporter frag-
mentation 1on (€.g., a y, 1on) of a different mass, while the
whole sequence, (e.g., the peptide sequence comprising the
reporter and the balance) of all 1ICORESs 1s of the same mass.

[0045] The term 1CORE, as used herein, refers to an
1sotope-coded reporter molecule that can be used as a mass
tag 1 an MS assay, for example, an MS/MS assay. Typically,
an 1CORE 1s an 1sotope-labeled polymer, for example, a
polypeptide, polynucleotide, or polysaccharide that com-
prises at least 5 monomeric residues, e.g. amino acid,
nucleotide, or monosaccharide residues. In some embodi-
ments, an 1CORE comprises more than 5 monomeric resi-
dues. In some preferred embodiments, the structure of an
1CORE allows for the generation of different fragmentation
signatures, for example, by differential 1sotope labeling of a
monomeric residue, or a combination of monomeric resi-
dues. In some embodiments, the polymer structure, e.g., the
amino acid, nucleotide, or monosaccharide sequence of an
1CORE allows for the generation of at least about 10 1CORE
molecules, for example, 1sobaric 1ICORE molecules, having
different fragmentation signatures that can be distinguished
in an MS assay, e.g., an MS/MS assay. In some embodi-
ments, the polymer structure allows for the generation of
more than 10 different 1COREs having different fragmenta-
tion signatures.

[0046] The term 1sobaric, as used herein, refers to a group
of molecules having the same molecular weight. For
example, 1n some embodiments, a set ol 1sobaric peptide
1COREs may be a set of peptides that all have the same
weight, but diflerent fragmentation signatures.

[0047] The term parameter, as used herein 1n the context
of 1ICORE encoding, refers to a characteristic, feature, or
measurable factor in a sample, for example, in a biological
sample. In some embodiments, the term includes the pres-
ence, absence, or quantity of an analyte. In some embodi-
ments, the term 1ncludes the presence, absence or quantity of
a biological activity, for example, an enzymatic activity or a
binding activity.
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[0048] The term plurality, as used herein, refers to two or
more of the elements so qualified.

[0049] The term polynucleotide, which 1s used herein
interchangeably with the terms oligonucleotide and nucleic
acid molecule herein, refers to a polymer of nucleotides. The
polymer may include natural nucleosides (i.e., adenosine,
thymidine, guanosine, cytidine, uridine, deoxyadenosine,
deoxythymidine, deoxyguanosine, and deoxycytidine),
nucleoside analogs (e.g., 2-aminoadenosine, 2-thiothymi-
dine, 1nosine, pyrrolo-pyrimidine, 3-methyl adenosine,
S-methylcytidine, C5-bromouridine, CS5-tfluorouridine,
C5-10douridine, C3-propynyl-uridine, C5-propynyl-cyti-
dine, C3-methylcytidine, 7-deazaadenosine, 7-deazaguanos-
ine, 8-oxoadenosine, 8-oxoguanosine, 0(6)-methylguanine,
4-acetylcytidine, 5-(carboxyhydroxymethyljuridine, dihy-
drouridine, methylpseudouridine, 1-methyl adenosine,
1-methyl guanosine, N6-methyl adenosine, and 2-thiocyti-
dine), chemically modified bases, biologically modified
bases (e.g., methylated bases), intercalated bases, modified
sugars (e.g., 2'-fluororibose, ribose, 2'-deoxyribose, 2'-O-
methylcytidine, arabinose, and hexose), or modified phos-
phate groups (e.g., phosphorothioates and 5'-N-phosphora-
midite linkages).

[0050] The term polypeptide 1s used herein interchange-
ably with the terms peptide, oligopeptide, and protein, and
refers to a polymer of amino acid residues linked together by
peptide bonds. The term, as used herein, refers to proteins,
polypeptides, and peptides of any size, structure, or function.
Typically, a polypeptide 1s at least three amino acids long. In
some embodiments, polypeptides, for example, peptide
1COREs, comprise naturally-occurring amino acids,
although non-naturally-occurring amino acids (e.g., com-
pounds that do not occur in nature but that can be 1ncorpo-
rated 1nto a polypeptide chain and/or amino acid analogs as
are known 1n the art may alternatively be employed. Also,
one or more of the amino acids 1 an mventive polypeptide
may be modified, for example, by the addition of a chemical
entity such as a carbohydrate group, a hydroxyl group, a
phosphate group, a farnesyl group, an isofarnesyl group, a
fatty acid group, a linker for conjugation, functionalization,
or other modification, etc. A peptide may be 1sotope-labeled.
A peptide may comprise D-amino acids, L-amino acids, or
a mixture of D-amino acids and L-amino acids. In some
embodiments, a D-amino acid or a plurality of D-amino
acids 1n a polypeptide confers increased protease resistance
to the respective polypeptide as compared to a polypeptide
of the same sequence but consisting of L-amino acids. A
polypeptide may also be a single molecule or may be a
multi-molecular complex. A polypeptide may be a fragment
of a naturally occurring protein or peptide. A polypeptide
may be naturally occurring, recombinant, or synthetic, or
any combination of these.

[0051] The term polysaccharide, as used herein, refers to
a polymer of sugars. Typically, a polysaccharide comprises
at least two sugars. The polymer may include natural sugars
(e.g., glucose, fructose, galactose, mannose, arabinose,
ribose, and xylose) and/or modified sugars (e.g., 2'-fluorori-
bose, 2'-deoxyribose, and hexose).

[0052] The term sample, as used herein, refers to a com-
position of matter representative of a biological, clinical, or
experimental environment. For example, a biological
sample may be a sample obtained from a subject, such as a
body fluid sample, or a cell or tissue sample, or to a sample
obtained from an experimental environment, such as a
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composition comprising a small molecule compound, a cell
culture supernatant, a composition comprising an engi-
neered organ, and so forth. A complex sample 1s a sample
comprising a plurality of diflerent analytes and/or of non-
analyte molecules in addition to an analyte. Non-limiting
examples of complex samples are a serum sample, a blood
sample, a urine sample, and a tissue sample. In some
embodiments, a complex sample 1s a sample comprising
such a large number of molecules (e.g. analytes or non-
analyte molecules) that the detection of a single target
analyte, for example, a peptide or metabolite, cannot readily
be achieved by an MS/MS assay, for example, because of
interference of other molecules with similar MS signatures.
In some embodiments, a complex sample may require
extensive front-end processing, for example, target analyte
enrichment, to allow detection of a target analyte 1 a
conventional MS assay.

[0053] The term small molecule, which 1s used herein
interchangeably with the terms small molecule compound,
and drug, refers to a compound either synthesized in the
laboratory or found in nature, which 1s typically character-
1zed 1n that 1t contains several carbon-carbon bonds, and has
a molecular weight of less than 1500, although this charac-
terization 1s not intended to be limiting for the purposes of
the present invention. Examples of small molecules that
occur 1n nature include, but are not limited to, taxol, dyne-
micin, and rapamycin. Examples of small molecules that are
synthesized 1n the laboratory include, but are not limited to,
compounds described 1 Tan et al., (“Stereoselective Syn-

thesis ol over Two Million Compounds Having Structural
Features Both Remimiscent of Natural Products and Com-
patible with Minmiaturized Cell-Based Assays™ J. Am. Chem.
Soc. 1998, 120, 85635) and U.S. Pat. No. 7,109,377/, entitled
“Synthesis of Combinatorial Libraries of Compounds Remi-
niscent of Natural Products™, the entire contents of which are
incorporated herein by reference. In certain other preferred

embodiments, natural-product-like small molecules are uti-
lized.

[0054] The term subject, as used herein, refers to a human,
a non-human primate, a non-human mammal (e.g., a cow, a
horse, a pig, a sheep, a goat, a dog, a cat, or a rodent), a
vertebrate, an arthropod, a chordate, an annelid, a mollusk,
a nematode, an echinoderm. In some embodiments, a subject
1s a laboratory animal, e.g., a mouse, rat, cat, dog, pig, cow,
hamster, gerbil, frog, fish, worm (e.g., C. elegans), or fly
(e.g., fruat fly, D. melanogaster). In some embodiments, a
subject 1s a microorganism, for example, a yeast, bacteria, or
fungus. In some embodiments, for example, in some
embodiments involving a clinical application of an aspect of
this invention, the subject 1s diagnosed with or suspected to
have a disease or condition.

DETAILED DESCRIPTION OF TH.
INVENTION

(Ll

[0055] Some aspects of this mvention provide methods
and reagents for encoding a plurality of biological param-
eters, for example, the presence or absence of an analyte, or
of an enzymatic activity 1n a sample, mto mass-encoded
reporters, termed 1COREs. This allows for, e.g., the multi-
plexed detection of analytes or enzymatic activities in com-
plex biological samples. The exogenous reporters can be
analyzed 1n a single assay, e.g., an MS/MS assay, thus
avoiding the need for multiple assays of different types, as
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often required when assessing different analytes or enzy-
matic activities 1n biological samples using endogenous
reporters.

[0056] The dependence on endogenous reporters to 1ndi-
cate disease 1n biological samples 1s a major limitation to
diagnostic approaches. Herein, the development of 1ICORE:s,
exogenous mass-encoded reporters, as ‘synthetic biomark-
ers’ of disease 1s described. In some embodiments, 1ICORFs
described herein are used for 1 vivo diagnostics. In some
embodiments, 1ICOREs are designed to perform three func-
tions 1n vivo (upon administration to a subject): target sites
of disease, sample dysregulated protease activities, and emit
mass-encoded reporters into host urine for multiplexed
detection by mass spectrometry. To demonstrate exemplary
applications of this technology, 1t was applied to a xenobi-
otic model of liver fibrosis as a noninvasive alternative to
biopsy-based monitoring, and sensitive and specific syn-
thetic biomarkers were 1dentified that report on both actively
fibrosing and resolving stages of liver disease. Diflerent
1CORE panels were also identified that markedly lowered
the threshold for early cancer detection when compared with
blood biomarkers 1n a mouse model of colorectal cancer.
The ability to rapidly design, screen and identify 1COREs as
synthetic biomarkers for precise, multiplexed monitoring of
disease apart from endogenous biomarkers 1s broadly ame-
nable to distinct pathophysiological processes, with addi-
tional applications 1n systems biology, drug development
and point-of-care diagnostics.

[0057] Biomarker discovery i1s motivated by the desire to
identify reliable indicators of disease for risk assessment,
carly detection, predicting patient responses to therapies,
and surveillance of recurrent disease.* To date, a broad
range of distinct biological species such as metabolites,’
peptides,* proteins,”” cell-free nucleic acids,” exosomes,’
and circulating tumor cells,” have been developed into
biomarkers with varying degrees of performance. However,
the reliance on native components to indicate disease 1s
limited by fundamental technical and biological challenges
because biomarkers are frequently found in low levels 1n
circulation,”” are difficult to resolve in complex biological
fluids,'® and can be rapidly degraded both in vivo and ex
vivo. !

[0058] An alternative to endogenous biomarkers 1s the
systemic admuinistration ol exogenous reporter agents to
interrogate biological states as described herein. These
approaches ofler the potential to tailor agents to exploit host
physiology or interface with disease-specific molecular pro-
cesses as alternative indicators of disease. Examples include
the polysaccharide inulin to assess glomerulus filtration
rates, FDG-PET to unveil regions of increased glucose
metabolism, and a suite of molecular and activity-based
probes for imaging biological activities in vivo.">'?
Because these agents can be designed and tested in vitro and
in preclinical models, they can be iteratively optimized and
can be administered at concentrations significantly above
biological background. The limitations with these
approaches include the inability to monitor large family of
probes simultaneously due to limited multiplexing capabili-
ties and substantial infrastructure for 1n vivo analysis requir-
ing patients to be on-site (e.g. PET, MRI) precluding remote
data or sample collection.

[0059] Some aspects of this disclosure provide a frame-
work for engineering nanoscale, isobaric mass-encoded
reporter agents that passively accumulate 1n diseased tissues
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from host circulation via organ- or disease-specific vascular
fenestrations (e.g. liver sinusoid endothelium or angiogenic
tumor vessels respectively).’> *°In an exemplary embodi-
ment, 1ICOREs are provided that are designed to interrogate
protease activity i tumor microenvironments. Upon arrival
in the diseased microenvironment, the 1ICORE agents inter-
tace with aberrantly active proteases to direct the cleavage
and release of surface-conjugated, mass-encoded peptide
substrates into host urine for detection by mass spectrometry
(MS) as synthetic biomarkers of disease. Because dysregu-
lated protease activities are implicated 1n a wide range of
human diseases including cancer, fibrosis, atherosclerosis,
inflammation, Alzheimer’s and many others,"” highly mul-
tiplexed monitoring of aberrant protease activities has the
potential to distinguish diverse disease states through com-
binatorial analysis. While the methods and reagents pro-
vided heremn are widely applicable to a wide variety of
diseases, described herein 1s the exemplary application of
this technology to address two unmet clinical challenges: the
need for a noninvasive alternative to biopsy-based monitor-
ing for liver fibrosis,"® and the inability of current clinically-
utilized blood biomarkers to reliably detect early stage
cancers."”

[0060] Other exemplary parameters that can be encoded
and measured with 1CORE technology are analytes. Current
tools for analyte detection include gel electrophoresis, west-
ern blot, ELISA, PCR, immunofluorescence, microarray,
and MS-based platiorms like MALDI and Liquid Chroma-
tography-MS technologies, such as LC MS/MS. LC MS 1s
an analytical chemistry technique that combines the physical
separation capabilities of liquid chromatography (e.g., High
Performance LC, HPLC) with the mass analysis capabilities
of mass spectrometry. LC-MS has very high sensitivity and
selectivity and 1s, thus broadly applicable to a variety of
analytes, for example, to the specific detection and/or 1den-
tification of analvtes 1n the presence of other chemicals (e.g.,
in a complex biological, experimental, or environmental).
MS/MS (or tandem MS) involves two or more steps of MS,
with some form of fragmentation occurring in between the
stages. MS/MS 1s a technique commonly used to identily
sequence mformation, for example, sequence information of
individual peptides. Modern mass spectrometers, in-line
with extensive chromatographic fractionation, can detect
and assess hundreds of analytes from a single sample. MS,
however, 1s not without limitations. Current challenges
associated with mass spectrometric analysis can be simpli-
fied into two major contributing factors.

[0061] First, many samples, for example, many biological
samples (e.g., blood, serum, tissue (e.g., tumor) biopsy, cell
lysate, urine, cerebral spinal fluid), experimental samples
(e.g., samples of interest in combinatorial drug screens), and
environmental samples (e.g., so1l or water samples) contain-
ing or suspected to contain an analyte of interest are highly
complex, comprising different types of analytes, e.g., bio-
molecules (e.g., proteins, nucleic acids, lipids, carbohy-
drates, metabolites), small molecules, drugs and drug
metabolites, morganic and organic matter, cells, or cell
debris, which are present in concentrations spanning many
orders of magnitude (e.g. pg/ml to mg/ml 1n blood). The task
of finding and detecting target analytes withun this such
complex samples 1s diflicult because of high background
signal and more importantly, the suppression of target ana-
lyte 1onization, an integral process for mass spectrometric
analysis, by bystander molecules (e.g. lipids).
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[0062] Second, many analytes themselves are diflicult to
detect reliably and robustly via MS base methods, or, for
some analytes, any conventional method for that matter,
because of their suboptimal physiochemical properties (e.g.
mass, charge, hydrophilicity). Varnability 1n physiochemical
properties amongst analytes leads to poor experimental
repeatability and high variance between assays. This 1s
particularly relevant for protein quantification. Often, pro-
tein-comprising samples are digested with a protease, e.g.,
trypsin, prior to MS analysis, and typically, the majority of
peptides produced from trypsin digests do not contain
sequences that are optimal for MS analysis. Such peptides
are not detected or only poorly detected 1n a typical MS
experiment, resulting in gross under-sampling and decreased
overall sensitivity of current MS assays.

[0063] To address these challenges, technologies and
methodologies have focused on aflinity enrichment of the
target analyte prior to MS to increase signal intensity,
selective depletion of high abundance biomolecules to
reduce background, and targeted chemaistries to 1solate sub-
proteomes (see, e.g., Anderson, N. L., Anderson, N. G.,
Haines, L.. R., Hardie, D. B., Olafson, R. W., Pearson, T. W.,
2004. Mass spectrometric quantitation of peptides and pro-
teins using Stable Isotope Standavds and Capture by Anti-

Peptide Antibodies (SISCAPA). J. Proteome Res. 3, 235.;
Whiteaker, J. R., Zhao, L., Zhang, H. Y., Feng, L. C.,

Piening, B. D., Anderson, L., Paulovich, A. G., 2007b.
Antibody-based envichment of peptides on magnetic beads

for mass-spectrometry-based guantification of serum bio-

markers. Anal. Biochem. 362, 44; Kuhn, E., Addona, T.,
Keshishian, H., Burgess, M., Mani, D. R., Lee, R. T.,
Sabatine, M. S., Gerszten, R. E., Carr, S. A., 2009. Devel-
oping multiplexed assays for Troponin I and Interleukin-33
in plasma by peptide immunoaffinity envichment and tar-
geted mass spectrometry. Clin. Chem. 535, 1108; Wollscheid
B, Bausch-Fluck D, Henderson C, O’Brien R, Bibel M,
Schiess R, Aebersold R, Watts I D., Mass-spectrometric
identification and relative quantification of N-linked cell
surface glycoproteins. Nat Biotechnol. 2009 April; 27(4):
3’78-86.; Hu1 Zhang, Xiao-jun L1, Daniel B Martin, Ruedi
Aebersold, Identification and quantification of N-linked gly-
coproteins using hydrazide chemistry, stable isotope label-
ing and mass spectrometry. Nature Biotechnology 21, 660-
666 (2003); the entire contents of all of which are
incorporated herein by reference). Some eflorts have also
been directed at developing computational algorithms to
predict high-responding peptides from a given protein, and
to reduce the resources required to develop robust proteomic
assays (see, e.g., Mallick, P., Schirle, M., Chen, S. S., Flory,
M. R., Lee, H., Martin, D., Ranish, J., Raught, B., Schmuitt,
R., Werner, T., Kuster, B., Aebersold, R., Computational
prediction of proteotypic peptides for quantitative pro-
teomics. Nat. Biotechnol. 25: 125-131, 2007; Fusaro, V. A.,
Mani, D. R., Mesirov, I. P, Carr, S. A., Prediction of
high-responding peptides for targeted protein assays by
mass spectrometry. Nat. Biotechnol. 27: 190-198, 2009).

[0064] In general, conventional approaches to address the
shortcomings of current MS technology focus on developing
novel chemistries and technologies to improve quantitative
mass analysis, accepting the underlying condition that cer-
tain biological compounds are more diflicult to 10onize and
detect by virtue of their chemical structure.

[0065] Some aspects of this invention, 1n contrast, provide
molecules, compositions, and methods for the translation of
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target analytes into biochemical moieties with high 1oniza-
tion etliciency and, thus, optimized for MS-based detection
and quantification. In some embodiments, this translation of
analyte identity and quantity into biochemical structures
optimized for MS allows for the simultaneous assessment of
multiple analytes, for example, analytes of different phys-
iochemical properties, and, thus, of different detectability 1in
MS based assays. In some embodiments, multiple analytes
of different physiochemical properties are translated into a
set of 1sobaric mass reporters, for example, 1sobaric peptide
mass tags that are optimized for MS based detection, for
example, n MS/MS assays. In some embodiments, the
translation allows for the qualitative and/or quantitative
analysis of a plurality of target analytes by LC MS/MS. In
some embodiments, biochemical encoding of analytes of
different physiochemical properties into 1sobaric mass tags
as provided herein allows to focus the MS analysis on the
specific mass window of the 1sobaric mass tags, which
increases sensitivity and accuracy of the analysis and/or
reduces the time required to monitor the relevant mass
window. In some embodiments, the translation comprises a
step of enriching target analytes, for example, target analytes
in a complex biological sample.

[0066] Some aspects of this mvention provide 1sotope-
encoded reporters (1ICOREs), which can be used as mass
tags. In some embodiments, 1COREs are provided that are
attached to binding agents, e.g., antibodies or antibody
fragments, for example, via photo-labile linkers. In some
embodiments, 1ICOREs are used for the qualitative or quan-
titative detection of a target analyte by an MS assay, for
example, by LC MS/MS. In some embodiments, 1COREs
are used for the qualitative or quantitative detection of an
activity, for example, of a target enzyme activity (e.g., a

protease, kinase, or phosphatase activity) by an MS assay,
for example, by LC MS/MS.

[0067] In some embodiments, complex samples, for
example, biological or clinical samples, containing target
analytes are first selectively enriched by capture antibodies
coated onto magnetic microspheres (see, e.g., FIG. 1). The
immobilized analytes are then contacted with 1CORE-la-
beled binding agents. Following binding and removal of
unbound binding reagents, individual 1COREs are cleaved
from the binding agents through UV 1rradiation and the pool
of these “rescued” 1COREs 1s analyzed by an MS assay, for
example, by LC MS/MS. In some embodiments, the pres-
ence and/or abundance of individual 1ICORE:s, as determined
by the presence and/or the signal strength obtained from
cach 1CORE, 1s used to determine the presence or absence
and/or the abundance (e.g., the concentration) of a target
analyte or activity.

[0068] In some embodiments, one or more 1COREs are
administered to a subject. For example, in some embodi-
ments, 1ICOREs may be formulated, administered to a sub-
ject, and collected according to the methods described
herein, or those described in PCT Application PCT/US2010/
000633, filed on Mar. 2, 2010, and entitled Methods And
Products For In Vivo Enzyme Profiling, the entire contents
of which are incorporated herein by reference. For example,
1CORESs designed to interrogate analytes or enzyme activity
in a subject suspected of having a disease may be adminis-
tered to the subject, and analyte- or enzyme-modified
1COREs may be collected at a time sufhicient for the 1ICORESs
to be exposed to the analyte or enzyme activity in the
subject. In some embodiments, a sample (e.g., a urine,
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blood, serum, or plasma sample) 1s collected from the
subject and “rescued” 1CORESs are detected within the urine
sample, e.g., as described herein or in PCT Application
PCT/US2010/000633. In some embodiments, the presence
and/or abundance of imndividual 1CORESs, as determined by
the presence and/or the signal strength obtained from each
1CORE, 1s used to determine the presence or absence and/or
the abundance (e.g., the concentration) of a target analyte or
activity.

[0069] Some aspects of this invention also provide a
method for producing sets, or libraries, of mass codes from
a single peptide-based reporter to enable multiplexed experi-
ments 1 which multiple analytes are simultaneously
detected and/or quantified mm a single sample. In some
embodiments, an 1CORE with favorable MS properties 1s
selected. Some non-limiting examples of suitable 1COREs
are described herein and additional 1COREs useful accord-
ing to some aspects of this mvention will be apparent to
those of skill in the art based on this disclosure. For example,
in some embodiments, a glu-fib peptide (EGVNDNEEGEFF -
SAR, SEQ ID NO: 1) 1s used as the parent 1CORE. Starting
from this parent sequence, a set of 1sotopic analogs (e.g.,
glu-fib 1COREs with unique fragmentation signature) are
designed, thus creating an 1CORE library comprising a
number of 1COREs of 1dentical mass (1sobaric 1CORESs), but
with distinct fragmentation reporter ions, €.g., y-ions of
different masses. Such i1sobaric 1COREs are indistinguish-
able during MS analysis, but following peptide fragmenta-
tion, €.g., by collision induced disassociation (CID), infrared
multiphoton dissociation (IRMPD), or any other suitable
fragmentation method known to those of skill in the art),
cach member of the set, can be distinguished by 1ts unique
fragmentation reporter 10n 1n a tandem MS (MS/MS) assay
(FIG. 2). The generation of unique, distinguishable frag-
mentation signatures 1s accomplished, 1 some embodi-
ments, by the strategic substitution of stable-1sotope
enriched amino acids in the parent peptide sequence. In
some embodiments, a set of binding agents 1s conjugated to
a set of 1COREs having a set of unique, distinguishable
fragmentation signatures, for example, a set of 1COREs
differentially labeled with isotopes that give rise to frag-
mentation 10ns that can be 1dentified by MS/MS, so that each
unique 1sotope-labeling pattern, and associated fragmenta-
tion 1on signature, 1s associated only with binding agents
specifically binding one analyte. In such embodiments, the
cognate specificity of each binding agent 1s encoded by the
1sotope-labeling pattern, and the associated fragmentation
signature of the associated 1CORE. In some embodiments,
such a set of binding agent-conjugated 1CORESs 1s used for
the multiplexed detection and/or quantification of analytes
or activities 1n a sample, for example, a biological or clinical
sample, or in vivo, according to methods provided herein.

[0070] There are several advantages associated with the
reagents and methods provided herein as compared to con-
ventional MS-based analyte detection methodology. For
example, 1n some embodiments, target analytes are enriched
by binding agents, e¢.g., by capture antibodies specifically
binding an analyte of interest, immobilized on a solid
substrate, ¢.g., a magnetic bead or microsphere, or a mem-
brane or resin. In some embodiments, this enrichment allows
for more sensitive and/or specific analyte detection, and/or
reduces background signal, particularly 1n complex samples,
such as samples of body fluids (e.g. blood or serum), tissues,
or cells.
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[0071] Further, in some embodiments, target analytes are
translated into surrogate 1sotope-coded reporters (1ICORESs)
that are pre-designed for facile detection and/or quantifica-
tion by MS/MS. In some embodiments, this translation, or
biochemical encoding, of analytes, e.g., analytes which are
challenging to detect by MS assays, into MS tags that are
tacile to detect, allows for the circumvention of challenges
of detecting endogenous chemical structures or peptides
directly. This 1s of particular advantage in the context of
multiplexed assays, 1n which a plurality of analytes of
different structure are assayed. Direct detection of different
structures 1n one multiplex MS assay typically requires the
screening of a large mass window and while some analytes
can readily be detected via MS, many analytes are hard or
impossible to detect without extensive pre-processing, or
cannot be 1dentified unambiguously when analyzing com-
plex samples.

[0072] In some embodiments, a single analyte molecule 1s
translated 1nto a plurality of 1ICORE molecules, resulting in
a higher sensitivity of analyte detection, for example, by a
signal amplification of about 3-20 fold. For example, 1n
some embodiments, a binding agent that specifically binds a
single molecule or two molecules of a target analyte, e.g., an
antibody or fragment thereot, 1s conjugated to a plurality of
1CORE molecules, for example, to about 3, about 5, about
10, or about 20 1CORE molecules, providing an about 3,
about 5, about 10, or about 20 fold amplification of the
number of molecules available for MS as compared to direct
MS detection of the target analyte respectively. It will be
appreciated by those of skill 1n the art that higher amplifi-
cation rates can be achieved by attaching more 1CORE
molecules to a binding agent molecule. Methods and
reagents for the attachment of 1ICOREs to binding agents are
provided herein and additional methods will be apparent to
those of skill 1n the art. The use of photo-labile linkers
during the translation process, for example, 1n embodiments
where 1COREs bound to binding agents, e.g. antibodies or
antibody fragments, are employed, enables ultra-violet light-
triggered release of 1ICOREs from the binding agents. The
high efliciency of this photochemical process 1s in marked
contrast with the derivation of peptides from proteins by
enzymatic digestion (necessary for multiplexed protein
detection in conventional LC MS/MS assays) which 1s
limited by the biophysical properties of the enzyme
employed (e.g. KD, kcat, substrate specificity) and the
requirement for optimal sample conditions for enzymatic
activity (e.g. pH, salt concentration). Both of these con-
straints lead to increased sample processing requirements
and/or decreased detection efliciency.

[0073] Further, the use of pre-determined mass tags, e.g.,
1sobaric 1COREs, with known masses greatly simplifies the
collection and analysis of data since it 1s unnecessary to
query a large mass window (e.g. 50-2000 m/z) for analytes
of diverse molecular weight. Rather, with 1sobaric codes,
narrow mass windows can be centered on the parent mass
(e.g. £0.5 m/z) to efhiciently collect signal. In some embodi-
ments, this targeted approach, combined with analyte signal
amplification during translation, increases detection sensi-
tivity by ~30-300 fold. Moreover, in some embodiments, the
simplification of data collection and the resulting decrease 1n

spectrometer operating time reduces overall costs by ~10
fold.

[0074] Further, the method of generating 1sobaric 1ICORE
mass tag libraries, for example, 1sobaric 1CORE peptide
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libraries, 1s an 1mprovement over current technologies
because of the large degree of encoding that can be achieved,
which translates mto multiplexing capabilities far beyond
the current limitations. The current state-of-the-art 1 1so-

baric MS multiplexing 1s ITRAQ mass tag technology (Ross
P L, Huang Y N, Marchese J N, Williamson B, Parker K,

Hattan S, Khainovski N, Pilla1 S, Dey S, Damels S, Pur-
kayastha S, Juhasz P, Martin S, Bartlet-Jones M, He F,
Jacobson A, Pappin D 1., Multiplexed protein quantitation in
Saccharomyces cervevisiae using amine-reactive isobaric
tagging reagents, Mol Cell Proteomics. 2004 December;
3(12):1154-69). ITRAQ labeling reagents are amine-reac-
tive small molecules providing for 4 or maximally 8 unique
mass codes. A larger library 1s precluded by the number of
atoms available 1n small molecules for 1sotopic substitution.
With 1COREs, e.g., peptide 1CORESs, as provided by some
aspects of this mvention, however, the number of atoms
available for 1sotopic substitution 1s increased by the number
of monomers, e.g., amino acids, that can be labeled with
heavy 1sotopes. Accordingly, it 1s feasible to construct, for
example, at least ~30-40 unique codes from an average
peptide length of ~15 amino acids. The library size, and,
thus, the number of unique encoding tags can be increased
turther by using longer peptides and/or by combining dis-
tinct sets of 1sobaric 1ICORE peptides, providing for ~100-
1000, or more, elements.

[0075] Some aspects of this invention provide isotope-
coded reporter molecules (1ICORE) and methods of their use.
In some embodiments, 1ICOREs are useful as mass tags in
MS assays, for example, in multiplex LC MS/MS assays, as
described 1n more detail elsewhere herein. In some embodi-
ments, 1ICOREs are useful in the simultancous qualitative
and/or quantitative detection of tens, hundreds, or thousands
of analytes 1n a sample, for example, a complex biological
sample, or 1n the simultaneous tracking of tens, hundreds, or
thousands of cells, tissues, or samples using an MS readout.

[0076] In some embodiments, a set, plurality, or library of
different 1CORE:s 1s provided that 1s usetul in multiplex MS
assays, for example, in multiplex LC MS/MS assays. In
some embodiments, the 1ICORESs of a set, plurality, or library
ol 1ICORESs are 1sobaric. For example, in some embodiments,
a set, plurality, or library of isobaric 1ICORESs 1s provided 1n
which all 1COREs are polymers, e.g., peptides of the same
amino acid sequence (e.g., glu-fib peptides (EGVND-
NEEGFFSAR, SEQ ID NO: 1)), and have, accordingly, the
same physiochemical properties as relevant for MS analysis.

Accordingly, all 1COREs of such a set, plurality, or library
are detected with substantially the same specificity, sensi-
tivity, and accuracy i an LC MS/MS assay. In some
embodiments, diflerent 1COREs 1n such a set, plurality, or
library of 1sobaric 1ICOREs have diflerent fragmentation
signatures, which can readily be distinguished in an MS/MS
assay as described 1n more detail elsewhere herein. Because
even short polymers, e.g., short polypeptides, allow for the
generation of a large number of unique fragmentation sig-
natures in a set, plurality or library of isobaric 1CORESs that
can be distinguished via MS/MS assays, for example, by
differential 1sotope-labeling of the 1COREs, this technology
can be used for multiplex qualitative or quantitative MS
analysis far beyond the limitations of current multiplex MS
technologies, such as 1 TRAQ (4- or 8-plex max.) or tandem
mass tag (ITMT, 6-plex max.) technologies.

[0077] A non-limiting, exemplary set of 10 1sobaric pep-
tide 1ICORESs of the amino acid sequence EGYVNDNEEGFF-
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SAR (SEQ ID NO: 1) 1s described 1 FIG. 3. The different
1COREs G1-G10 have different 1sotope patterns, and, thus,

different fragmentation signatures, e.g., G1 has the 1sotope
pattern E*°G_ _VNDNEEGFFSAR (SEQ ID NO: 1), G2 has
the isotope pattern E**G**VNDNEE*' GFFSAR (SEQ ID
NO: 1), G3 has the isotope pattern E*'G*°*VNDNEE**GFF-
SAR (SEQ ID NO: 1), and so forth. In the first round of MS,

only a single peak 1s observed, retlecting the 1sobaric nature
of 1COREs G1-10 (FIG. 3 1.). After fragmentation, however,
the unique fragmentation signatures of G1-10 result in
resolution of the fragments as 10 distinct peaks (FIG. 3 1.).
The lower panel of the figure shows a close-up of the peaks
obtained from the y7 ion (EGFFSAR, SEQ ID NO: 6, see
FIG. 2 for y 10n nomenclature), allowing qualitative (pres-
ent/absent) as well as quantitative analysis of each unique
1CORE 1n the set. Those of skill in the art will appreciate that
the glu-fib peptide sequence allows for the generation of
more than 10 unique fragmentation signatures via differen-
tial 1sotope labeling, for example, by further encoding the
remaining amino acids within the sequence, and that the
exemplary set of ten 1COREs 1s not limiting in this respect.
The multiplexing capabilities of 1CORE technology are
limited only by the number of unique fragmentation patterns
that can be created in 1COREs. Even a small peptide
sequence, such as the glu-fib peptide sequence exemplified
in FIG. 3 allows for the generation of at least 30-40 unique
1sotope signatures, 1 commercially available isotope-la-
beled amino acids are used, and more 1f such amino acids are
custom-synthesized.

[0078] Three non-limiting, exemplary diflerential 1sotope-
labeling strategies for generating multiplex glu-fib based
1CORE libraries are provided below. In these examples,
1CORESs are 1sotope-labeled by substitution of one or more
atoms 1n the mdicated amino acids with one or more heavy
1sotopes, resulting 1n a Change in mass of the labeled amino
acid. The resulting 1COREs 1n each library are isobaric, with
different 1ICOREs having a different fragmentation signature,
e.g., with respect to the y, 1on. The examples are intended
for illustration only and do not limit this aspect of the
invention. Additional usetul differential i1sotope-labeling
strategies and schemes will be apparent to those of skill 1n
the art.

10-Plex Glu-Fib 1CORE Library (G,,):
Gl =E-*3G-*6V-N-D-N-E-E-G-F-F-S-A-R

G o2=E-**G-**V-N-D-N-E-E-*'G-F-F-S-A-R
G3=E-"'G-**V-N-D-N-E-E-**G-F-F-S-A-R
G A=E-G-"°V-N-D-N-E-E-**G-F-F-S-*'A-R
G, ,3=E-G-""V-N-D-N-E-E-G-F-F-S-**A-R

G, ,6=E-"*G-*'V-N-D-N-E-E-*'G-F-F-S-**A-R
G,o7=E-*G-V-N-D-N-E-E-G-*°F-F-S-A-R

G o8=E-**G-V-N-D-N-E-E-G-"°F-F-S-*1A-R
G 9=E-"'G-V-N-D-N-E-E-**G-*°F-F-S-A-R

G 1 0=E-G-V-N-D-N-E-E-*’G-*°F-F-S-A-R

(SEQ ID NO: 36)

18-Plex Glu-Fib iCORE Library (G, 4)
G gl =E-"G-**V-**N-D-**N-E-E-G-F-F-S-A-R
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G, ¢2=E-**G-**V-**N-D-**N-E-E-G-F-F-S-*'A-R
G,g3=E-"1G-*V-**N-D-**N-E-E-*!G-F-F-S-*1A-R
G g4=E-G-**V-*°N-D-+**N-E-E-**G-F-F-S-*1A-R

G g5=E-G-"’V-*°N-D-+**N-E-E-G-F-F-S-**A-R

G ,g6=E-"'G-"V-*°*N-D-N-E-E-*'G-F-F-S-**A-R

G ,37=E-*G-V-"°*N-D-**N-E-E-G-*°F-F-S-A-R

G g8=E-"*G-V-*°N-D-**N-E-E-G-*°F-F-S-*'A-R
G,¢9=E-"'G-V-"*N-D-**N-E-E-*'G-*°F-F-S-*! A-R
G,g10=E-"'G-*V-N-D-**N-E-E-*G-*°F-F-S-*'A-R
G g1 1=E-G-*V-N-D-**N-E-E-G-"'°F-F-S-A-R
G,g12=E-G-"'"V-N-D-**N-E-E-G-"'°F-F-S-*' A-R

Gl 3=E-**G-*'V-N-D-+2N-E-E-*'G-*1VE-F-S-+
1A-R

G,g14=E-**G-V-N-D-"**N-E-E-*~G-"'F-F-S-*'A-R

G g1 5=E-*'G-V-N-D-**N-E-E-G-*!'°F-F-S-**A-R

G g1 6=E-**G-V-N-D-N-E-E-*'G*'9F-F-S-**A-R

G, g1 7=E-*'G-V-N-D-N-E-E-G*'F-*°F-S-A-R
G,g18=E-G-V-N-D-N-E-E-G-*19F-*SF-S-*1A-R  (SEQ ID NO: 36)

22-Plex Glu-Fib 1CORE Library (G,,)

G551=E-"*G-**V-**N-D-**N-E-E-G-F-F-S-A-R
G5,2=E-"*G-**V-**N-D-**N-E-E-G-F-F-S-*'A-R
G5,3=E-"'G-**V-**N-D-**N-E-E-*!G-F-F-S-*' A-R
G,,4=E-G-"V-**N-D-*N-E-E-*°G-F-F-S-*!A-R
G,,5=E-G-""V-**N-D-**N-E-E-G-F-F-S-**A-R
G,,6=E-G-""V-*°N-D-**N-E-E-*'G-F-F-S-**A-R
G,,7=E-*G-V-"°*N-D-**N-E-E-G-"°F-F-S-A-R
G,,8=E-**G-V-*°*N-D-**N-E-E-G-*°F-F-S-*1A-R
G5,9=E-"'G-V-**N-D-**N-E-E-*'G-*°F-F-S-*! A-R
G5510=E-"'G-*V-N-D-**N-E-E-*G-*°F-F-S-*'A-R
G,,11=E-G-*>V-N-D-**N-E-E-G-"1°F-F-S-A-R
G,,12=E-G-*'"V-N-D-**N-E-E-G-*'F-F-S-*1 A-R

G551 3=E-**G-*'V-N-D-**N-E-E-*'G-+19F-F-S-*
1A-R

G5514=E-**G-V-N-D-**N-E-E-**G-*1°F-F-S-*1A-R
G5515=E-*1G-V-N-D-**N-E-E-G-"1°F-F-S-*A-R
G5516=E-"'G-"V-N-D-N-E-E-"'G-"'°F-F-8-"*A-R

G5517=E-G-*"V-N-D-N-E-E-G-"1“F-**F-S-A-R
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G,,18=E-G*'V-N-D-N-E-E-G-*19F-*°F-S-*1A-R

G5519=E-**G-*'V-N-D-N-E-E-*1G-*19F-*¢F-S-+
1A-R

G,,20=E-**G-V-N-D-N-E-E-**G-*!19F-*°F-S-*1 A-R
G-5,21=E-"'G-V-N-D-N-E-E-G-"1F-*1°F-S-A-R

G5522=E-G-V-N-D-N-E-E-G-"'1°F-+1°F.S-+1A_.R (SEQ ID NO: 36)

[0079] In some embodiments, the 1sotope-labeled amino
acids are p-amino acids. In some embodiments, the 1sotope-
labeled amino acids are rL-amino acids. In some embodi-
ments, the 1sotope-labeled amino acids are a mix of p- and
L-amino acids.

[0080] Those of skill 1n the art will appreciate that longer
polymers, for example, longer polypeptides, polysaccha-
rides, or polynucleotides, allow for even more unique frag-
mentation signatures to be generated by differential 1sotope
labeling, thus further expanding the multiplexing capabili-
ties of 1ICORE technology.

[0081] In some embodiments, a set, plurality, or library of
1COREs (e.g. polypeptide, polynucleotide, or polysaccha-
ride 1CORESs) 1s provided that comprises at least 2, at least
4, at least 35, at least 6, at least 7, at least 8, at least 9, at least
10, at least 11, at least 12, at least 13, at least 14, at least 135,
at least 16, at least 17, at least 18, at least 19, at least 20, at
least 25, at least 30, at least 40, at least 50, at least 60, at least
70, at least 80, at least 90, at least 100, at least 125, at least
150, at least 200, at least 250, at least 500, at least 1000, or
more than 1000 different 1COREs, e.g. 1ICOREs that have a
unique fragmentation signature that is distinguishable by an
MS assay, e.g. an MS/MS assay. In some embodiments, the
1CORESs 1n the set, plurality, or library are 1sobaric 1CORE:s,
for example, 1sobaric polypeptide, polynucleotide, or poly-
saccharide 1CORFEs. In some embodiments, each unique
fragmentation signature in a set of 1COREs, for example, a
set of 1sobaric 1CORESs, 1s associated with, or represents, a
specific analyte, or parameter. Methods for the use of
1CORESs, for example, 1n analyte detection, as well as cell,
tissue, sample, and liquid tracking, are also provided.
[0082] The term 1CORE refers to 1sotope-coded reporter
molecules. In some embodiments, an 1ICORE 1s a molecule
that 1s readily detectable by MS technology. In some
embodiments, an 1CORE 1s a peptide, for example, a peptide
known to be readily detectable by MS technology. In other
embodiments, an 1CORE 1s a polynucleotide or a polysac-
charide. Typically, an 1CORE 1s a molecule that allows for
differential 1sotope-labeling, e.g., for the generation of
unique fragmentation signatures that are distinguishable 1n a
detection assay, such as MS/MS. This allows for the gen-
eration of libraries of 1sobaric 1ICOREs which share the same
physiochemical properties for the purpose of MS detection,
for example, peptide 1COREs having the same amino acid
sequence, and are readily distinguishable by their unique
fragmentation signature, for example, 1n LC MS/MS assays.
Typically, an 1CORE 1s a polymer comprised of monomers
that exhibit different MS signatures and, thus, comprises a
sequence of monomers. Such polymers are well known to
those of skill 1n the art and include, but are not limited to
polymers of amino acids, nucleotides, and monosaccharides,
for example, polypeptides, polynucleotides, and polysaccha-
rides, respectively.

[0083] The length of 1COREs 1s typically chosen to pro-
duce a mass signature that i1s useful in MS assays, for
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example, a mass signature that can readily be detected 1n an
MS/MS assay. For example, in some embodiments, an
1CORE 1s a polymeric molecule (e.g., a polypeptide, poly-
nucleotide, or polysaccharide) that comprises at least 5, at
least 6, at least 7, at least 8, at least 9, at least 10, at least 11,
at least 12, at least 13, at least 14, at least 15, at least 16, at
least 17, at least 18, at least 19, at least 20, at least 25, at least
30, at least 40, at least 50, at least 60, at least 70, at least 80,
at least 90, or at least 100 monomer residues, for example,
amino acid, nucleotide, or monosaccharide residues. In
some embodiments, an 1ICORE 1s a polymeric molecule, for
example, a polypeptide, polynucleotide, or polysaccharide,
that comprises 5, 6,7,8,9,10, 11,12, 13, 14, 13, 16, 17, 18,
19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34,
33, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 350,
31-60, 61-70, 71-80, 81-90, or 91-100 monomers, e.g.,
amino acid or nucleotide residues. In some embodiments, an
1CORE 1s a polymer comprising more than 100 monomers,
for example, more than 100 amino acid, nucleotide, or
monosaccharide residues.

[0084] Non-limiting examples of polymeric molecules

that are useful for the generation of 1ICORESs are the poly-
peptides glu-fib (EGVNDNEEGFFSAR (SEQ ID NO: 1)),

bradykinin (PPGFSPFR (SEQ ID NO: 30)), angiotensin I
(DRVYIHPFHL (SEQ ID NO: 31)), ACTHI-17 (SYS-
MEHFRWGKPVGKKR (SEQ ID NO: 32)), ACTH18-39
(RPVKVYPNGAEDESAEAFPLEF (SEQ ID NO: 33)), and
ACTH7-38 (FRWGKPVGKKRRPVKVYPNGAEDE-
SAEAFPLE (SEQ ID NO: 34)). Additional polymeric mol-
ecules and sequences that can be used for the generation of
1COREs will be readily evident to those of skill in the art and
the 1nvention 1s not limited in this respect.

[0085] In order to generate an 1ICORE from a non-labeled
polymeric molecule, for example, a polypeptide, polynucle-
otide, or polysaccharide, the polymeric molecule 1s 1sotope-
labeled. Methods and reagents for 1sotope-labeling of poly-
meric molecules are well known to those of skill in the art.
In some embodiments, such methods include the generation
of a polymeric molecule, for example, a peptide, from
monomers, for example, amino acids, at least some of which
are 1sotope-labeled to obtain an isotope-labeled polymeric
molecule. In some embodiments, 1sotope-labeling 1s effected
by the introduction of heavy 1sotopes. Isotope-labeling with
radioactive 1sotopes or with stable 1sotopes 1s possible. In
some embodiments, labeling with stable 1sotopes 1s pre-
ferred.

[0086] For example, while non-labeled monomers, e.g.,
non-labeled amino acids, nucleotides, or monosaccharides,
predominantly comprise C'%, O'°, N'*, and S°° atoms,
1sotope-labeled monomers, e.g., 1sotope-labeled amino
acids, may comprise one or more heavy isotope(s), for
example, a C>, N'>, O, O'®, H?, S°°, $°% or S°° isotope.
A monomer comprising a heavy 1sotope has a different mass
than a non-labeled amino acid, and even a single 1sotope
comprised 1n a monomer can readily be measured by MS
assays. This difference 1n mass 1s conferred to any polymer
comprising such an 1sotope-labeled monomer. For example,
the difference 1n mass resulting from the substitution of a
C™ atom of an amino acid with a C'® isotope can be
measured 1 a peptide comprising such an 1sotope-labeled
amino acid.

[0087] To give a non-limiting example of monomer 1s0-
tope labeling, the phenyl ring of non-labeled phenylalanine
(F) typically comprises six C'* atoms. In some embodi-
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ments, an 1sotope-labeled phenylalanine residue comprises a
phenyl ring comprising five C'* atoms and one C' isotope,
increasing the mass of the labeled amino acid by the mass of
one neutron (*'F). In some embodiments, an isotope-labeled
phenylalanine residue comprises a phenyl ring comprising
four C'* atoms and two C** isotopes, increasing the mass of
the labeled amino acid by the mass of two neutrons (**F). In
some embodiments, an 1sotope-labeled phenylalanine resi-
due comprises a phenyl ring comprising three C'* atoms and
three C*> isotopes (*°F), two C'* atoms and four C"
isotopes (*F), one C'* atoms and five C'° isotopes (*°F), or
six C'° isotopes (*°F). The remaining three C12 atoms of
non-labeled phenylalanine and as well as the N14 atom of
the amino group can also be 1sotope-substituted, yielding
*’F, **F, *°F, and *'°F. It will be appreciated by those of skill
in the art that any combination of 1sotope substitutions are
possible, for example, substitution of the N'* of the amino
group, of the C'* of the carboxy group and of two C'* of the
phenyl ring would produce **F, as would a substitution of
three phenyl ring C'* with C** and of the N'* with N>, or
substitution of four C'# of the phenyl ring with 4 C'°. In
some embodiments, the 1sotope-labeled phenylalanine 1s
used to generate an 1sotope-labeled peptide. In some
embodiments, this ivolves peptide synthesis 1n vivo, for
example, by cells that are incubated in the presence of
1sotope-labeled phenylalanine and incorporate the labeled
amino acid into any peptide they synthesize. In some
embodiments, i1sotope-labeled peptides are synthesized in
vitro, for example, via fmoc synthesis using 1sotope-labeled
amino acids as bulding blocks. It will be appreciated by
those of skill 1n the art that amino acids other than phenyl-
alanine can be 1sotope-labeled according using similar strat-
egies and methods and reagents known to those of skill 1n
the art and the mvention 1s not limited 1n this respect. It waill
turther be appreciated that monomers other than amino acids
can be 1sotope-labeled, for example, nucleotides and mono-
saccharides. Further, other methods for the generation of
1sotope-labeled polymers that are useful as 1COREs, for
example, methods in which a polymer 1s directly labeled, are
also known to those of skill in the art, and the invention 1s
not limited in this respect.

[0088] Diflerent fragmentation signatures can be created
by diflerential 1sotope labeling of polymeric molecules, for
example, by adding different amounts of heavy 1sotopes to
the same monomeric residue, or by generating diflerent
combinations of labeled monomeric residues within the
polymeric molecule. For an example of different 1CORE
fragmentation signatures created by diflerential 1sotope
labeling, see 1ICOREs G1-G10 described 1 FIG. 3. Isotope-
labeling of a polypeptide, polynucleotide, or polysaccharide
at a specific residue, for example, a specific amino acid,
nucleotide, or monosaccharide residue, produces a specific
1sotope labeling signature that can readily be 1dentified, and
distinguished from other polypeptides, polynucleotides, or
polysaccharides of the same monomeric sequence that are
labeled at a different residue, via MS assays, for example,
via MS/MS assays. This allows for the generation of mul-
tiple 1ICOREs comprising the same monomeric sequence, for
example, multiple polynucleotide 1COREs comprising the
same amino acid sequence, but 1sotope-labeled at different
residues. Such diflerentially labeled, 1sobaric 1COREs
exhibit 1dentical physiochemical properties for the purpose
of MS assays, and are, thus, detectable at an equal level of

sensitivity, specificity, and accuracy in MS assays, while still
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being distinguishable by their unique fragmentation signa-
ture, for example, in LC MS/MS assays as described herein.

[0089] In some embodiments, 1ICOREs are polypeptides.
Typically, polypeptide 1COREs comprise a sequence that 1s
optimized for facile detection 1n MS assays, as exemplified
by the 1ICORE sequences provided herein. In some embodi-
ments, a library of 1sobaric 1CORESs 1s provided, 1n which all
1COREs comprise the same amino acid sequence, but dii-
terent 1COREs comprise different isotope-labeling signa-
tures. Even short polypeptides, e.g. of about 5-20 amino
acids 1n length, allow for the generation of tens or hundreds
ol unique 1sotope-labeling signatures, which translates into
the possibility to detect and analyze tens or hundreds of
analytes 1n a multiplexed MS assay using 1sobaric 1CORESs
of such lengths In some embodiments, a library of peptide
1COREs 1s provided that comprlses 1COREs of different
amino acid sequences, further increasing the number of
unique 1sotope-labeling signatures and, thus, the number of
analytes that can be assayed 1n a single multiplexed MS
experiment. Such heterogeneous 1CORE libraries can be
generated, for example, by combining a first iICORE library
comprising 1sobaric, differentially labeled 1COREs with an
additional library comprising 1sobaric, differentially labeled
1CORESs. For example, such a library could be generated by
combining a library of glu-fib based 1COREs with a library
of bradykinin based 1COREs and a library of angiotensin

I-based 1CORE:s, thus creating a larger, combinatorial library
of 1ICOREs.

[0090] Some aspects of this invention relate to the recog-
nition that even a relatively small number of relatively short
polypeptide tags that are useful in MS assays provide
virtually unlimited multiplexing capabilities, since polypep-
tides are comprised of amino acid residues, and there are 20
naturally occurring and a large number of artificial amino
acids that are useful as building blocks for 1COREs. For
example, an 1CORE library based on isobaric, differentially
labeled glu-fib (EGVNDNEEGFFSAR (SEQ ID NO: 1))
1CORESs allows for the detection of about 10-100 analytes 1n
a multiplexed MS assay, while an 1CORE library based on
1sobaric, differentially labeled ACTH7-38
(FRWGKPVGKKRRPVKVYPNGAEDESAEAFPLE
(SEQ ID NO: 34)) 1CORESs allows for the detection of about
10-400 analytes 1 a multiplex MS assay. Combinatorial
1CORE libraries, accordingly, allow for the assessment of
thousands of analytes simultaneously.

[0091] Some aspects of this invention provide sets or
libraries of 1COREs. In some embodiments, the 1CORFEs
comprise or are conjugated to a reactive moiety that reacts
with another molecule. For example, in some embodiments,
the 1ICOREs comprise a reactive moiety that forms a cova-
lent bond to a molecule of interest, for example, to an
analyte, or a set of analytes. In some embodiments, the
molecule of interest 1s a peptide or protein, a carbohydrate,
a nucleic acid, or a lipid. In some embodiments, the mol-
ecule of interest to which the 1CORE 1s aimed to be
conjugated 1s a binding agent, for example, an antibody,
antibody fragment, aptamer, ligand, receptor, or adnectin.
For example, in some embodiments, a set of 1ICOREs 1s
provided that 1s conjugated to a reactive chemical moiety
that forms a covalent bond to a protein 1f contacted with a
protein. Reactive chemical moieties are well known to those
of skill in the art. One exemplary embodiment 1s depicted 1n
FIG. 7 to illustrate this point. Here, the 1CORE 1s a glu-fib
peptide, covalently bound to a chemical moiety that polym-
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erizes under UV light with PEG monomers to form a PEG
hydrogel. Polyethylene glycol (PEG), also known as poly
(oxyethylene) glycol, 1s a condensation polymer of ethylene
oxide and water having the general chemical formula
HO(CH,CH,O)[n]H. Such hydrogels are useful, {for
example, 1n the generation of engineered tissues and the
conjugation of an 1CORE to such a hydrogel allows for
tracking a tissue grown on such a tagged hydrogel in 1n vitro
or 1n vivo experiments as described 1in more detail elsewhere
herein. Other reactive chemical moieties and methods for
conjugation of such moieties to 1ICOREs provided herein are
well known to those of skill 1n the art and the mvention 1s
not limited 1n this respect. It will be apparent to those of skaill
in the art that the type of reactive chemical moiety can be
selected to be reactive with a moiety comprised 1n the
molecule of interest to which the 1CORE 1s aimed to be
conjugated. In some embodiments, 1ICOREs are provided
that are conjugated to a reactive chemical moiety via a
covalent bond. In some embodiments, 1ICOREs are provided
that are conjugated to a reactive chemical moiety via a
cleavable linker, for example, a photocleavable linker.

[0092] Providing 1CORESs conjugated to reactive chemical
moieties allows for the customized labeling of molecules of
interest by the end-user, for example, by a scientist, thus
extending the versatility of 1CORE technology to custom-
made experimental designs. For example, 1n some embodi-
ments, 1ICOREs conjugated with a reactive moiety that forms
a covalent bond with peptides may be used to label proteins
or peptides obtained from a biological sample for compari-
son with proteins or peptides obtained from a different
sample, much in the same way as ITRAQ tags are com-
monly used. In contrast to ITRAQ technology, the virtually
unlimited number of different fragmentation signatures
available for a given 1CORE set, for example, a set of
1sobaric peptide 1ICOREs as described herein, allows for the
simultaneous assessment of a virtually unlimited number of
analytes, for example, for the simultaneous assessment and
comparison of a virtually unlimited number of protein or
peptide samples.

[0093] Scalability of 1CORE technology depends on the
specific binding agents used (for embodiments, in which
1COREs conjugated to specific binding agents are used or
provided) and the specific, distinguishable mass reporters,
¢.g., ICOREs, having a unique, distinguishable fragmenta-
tion signature. Regarding specific binding agents, 1COREs
can be conjugated to virtually all commercially available
binding agents, including, but not limited to, antibodies,
antibody fragments, aptamers, ligand-binding proteins or
proteins domains, and adnectins by methods well known to
those of skill in the art. The number of 1CORESs with unique
fragmentation signatures scales with the peptide space,
which scales as 20", where n=length of peptide, for peptide
1COREs comprising only naturally occurring amino acids.
Accordingly, even very short peptide 1COREs provide a
large number of possible unique fragmentation signatures,
while longer peptides provide virtually limitless unique
signatures. In some embodiments, peptide 1COREs that are
readily detected by MS are preferable, but even the exem-
plary, readily detectable peptide 1COREs described herein
alone allow for hundreds or thousands of unique fragmen-
tation signatures. Some peptide sequences suitable for the
generation of 1ICOREs are provided herein and additional
suitable peptide sequences will be apparent to those of skill
in the art based on this disclosure.
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[0094] In some embodiments, 1ICOREs are provided that
are conjugated to a binding agent. A binding agent i1s an
agent that specifically binds a molecule, for example, an
analyte. In some embodiments, the binding agent 1s an
antibody or antibody fragment. In some embodiments, the
binding agent 1s a peptide or protein. In some embodiments,
the binding agent 1s an aptamer or adnectin. In some
embodiments, the binding agent 1s a ligand or a receptor, or
comprises a ligand binding domain.

[0095] Accordingly, in some embodiments, 1CORE-bind-
ing agent conjugates are provided that specifically bind to an
analyte. In some embodiments, the conjugation of 1ICORE
and binding agent 1s via a covalent bond, for example, a
covalent peptide bond 1n an 1CORE-binding agent fusion
protein. In some embodiments, the conjugation of 1ICORE
and binding agent i1s via a cleavable linker, for example, a
protease cleavable linker or a photocleavable linker. In some
embodiments, the linker 1s a peptide linker comprising a
protease cleavage site. Some exemplary photocleavable
linkers and protease cleavage sites are described herein, and
additional linkers and cleavage sites will be apparent to
those of skill in the art, and the invention 1s not limited 1n
this respect. For example, in some embodiments, an 1ICORE
1s provided that 1s conjugated to a binding agent, for
example, an antibody, via a photocleavable linker, as
described herein. In some embodiments, a set of 1ICOREs 1s
provided that 1s conjugated to a set of binding agents, for
example, a set ol antibodies, or antibody fragments, or
ligand binding peptides and proteins, or aptamers or adnec-
tins, or any combination of such agents. Typically, the
1COREs 1n such a set are conjugated to the binding agents
in a manner that allows for the identification of a particular
binding agent, and, thus, the analyte bound by a binding
agent, by determining the i1dentity of the 1CORE.

[0096] For example, in a set of 10 different 1COREs (e.g.,
1CORE G1-G10 1 FIG. 2) that are conjugated to a set of 10
different binding agents (B1-B10), which, 1n turn, specifi-
cally bind a set of analytes (Al1-A10), the 1COREs are
conjugated to the binding agents so that each 1CORE of a
unique fragmentation signature 1s conjugated to particular
binding agent, e.g. G1 to Bl, G2 to B2, G3 to B3, and so
forth. The unique fragmentation signature of each 1CORE
can be 1dentified and distinguished from the fragmentation
signatures of the other ICORESs 1n the library 1n an MS assay,
¢.g. the MS/MS assay depicted i FIG. 3. Accordingly, the
presence or absence of a specific binding agent in a sample
can be inferred from the presence or absence of the unique
fragmentation signature of the 1CORE associated with that
particular binding agent. In some embodiments, a sample 1s
assayed for the presence or absence of a set of analytes by
contacting the sample with the set of 1COREs conjugated to
the binding agents under conditions suitable for the binding
agents to bind to their respective analytes. Subsequently,
those 1ICORE-conjugated binding agents that are specifically
bound to their respective analytes are enriched or 1solated. In
some embodiments, the 1CORFEs are then released, for
example, by cleaving the linker connecting the 1CORE to the
binding agent. In some embodiments, the 1COREs are then
subjected to MS analysis, for example, 1n an MS/MS assay,
and the presence or absence, and/or the quantity of each
1CORE 1s determined. In some embodiments, the presence
or absence, and/or the quantity of each analyte 1s determined
from the result of the MS assay. For example, 1n some
embodiments, 11 an 1ICORE MS assay results 1n the detection
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of 1ICOREs G1, G3, G3-7 and G10, the presence of analytes
Al, A3, A5-7, and A10, and/or the absence of analytes A2,
A4-6, and A8-9 can be determined. In some embodiments,
a comparison of the signal obtained for a given 1ICORE 1n the
MS assay can be used to determine the quantity of the
respective analyte 1 the sample, and/or to compare the level
of the respective analytes 1n the sample to the level of a
different analyte 1n the sample via MS signal comparison.
For example, 1if the MS result obtained from a sample
contacted with 10 1COREs conjugated to 10 binding agents
specifically binding to 10 analytes would represent the MS
result as shown i FIG. 3, the presence of all unique
fragmentation signatures of 1COREs G1-10 would indicate
that all analytes Al1-10 are present 1n the sample. In some
embodiments, the similar signal level of all unique fragmen-
tation signatures of 1ICOREs G1-10 may further indicate that
all analytes A1-10 are present at similar levels 1n the sample,
if the binding agent-analyte interactions are substantially
similar across the analytes.

[0097] In some embodiments, a library of 1isobaric
1COREs 1s provided in which the 1COREs comprise the
same sequence, for example, a set of peptide or nucleic acid
1CORESs that comprise the same amino acid or nucleotide
sequence, respectively, but in which the different 1COREs
are 1sotope-labeled at different positions, for example, at
different amino acid or nucleotide residues within the amino
acid or nucleotide sequence.

[0098] Some aspects of 1ICORE technology rely on or use
proven, existing technologies, for example, bead-based
immuno-enrichment, photo-labile bioconjugation chemaistry,
direct labeling of analytes, for example, of proteins by
reactive chemical moiety conjugation, and qualitative and/or
quantitative mass spectrometry, for example, LC MS/MS
assays. These technologies are well known to those of skill
in the art and many variations and equivalents of the
exemplary embodiments described herein will be apparent
to the skilled artisan based on this disclosure. It will be
appreciated that 1ICORE technology can be applied to many
different analyte detection scenarios, e€.g. diagnostic sce-
narios, as well as many different tracking scenarios. The
invention 1s not limited 1n this respect.

[0099] For example, some embodiments of 1CORE tech-
nology as described herein provide molecular diagnostic
assays (e.g. biomarker detection, monitoring ol vaccines,
and HLLA screening) as well as qualitative and quantitative
assays for basic science research (e.g. protein expression
profiling, cell profiling, tissue profiling, and metabolic pro-
filing). For example, certain embodiments provide a library
of 1CORE-labeled binding agents (e.g. antibodies or anti-
body fragments) targeted against a panel of serum biomark-
ers (e.g. organ- and/or disease-specific markers) that can be
used for monitoring biological processes by analyzing body
fluid or tissue samples obtained from a subject (e.g. tumor
evolution, host responses after drug administration, or drug
metabolism). Some embodiments of 1ICORE technology are
particularly suited for such multi-parameter studies, particu-
larly 1in the diagnosis of diseases or conditions, because
1CORE technology allows for increases 1n detection sensi-
tivity and resolution through multiplexing, which, in turn,
allows for the etlicient detection of multi-parameter diag-
nostic signatures.

[0100] Some embodiments provide a library of chemi-
cally-active 1CORESs, for example, 1sobaric peptide 1ICOREs
conjugated to a reactive chemical moiety that can be utilized
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by an end user to encode user-defined experiments. For
example, 1n case-and-control comparative proteomics stud-
ies, proteins from each unique condition, experiment, or
subject, can be encoded (e.g., labeled) with a particular
1CORE {fragmentation signature. All samples can then be
combined and simultaneously analyzed by LC MS/MS to
determine the relative eflects of the experimental conditions.
The use of 1ICORE technology enables comparative studies
at a scale precluded by current technologies and methods.

[0101] It will be appreciated by the skilled artisan that the
use of 1CORE technology, as described herein, 1s not limited
to analyte detection, encoding and translation. Because
1COREs are versatile, novel MS tags that have multiple
advantages over previously known MS tags, 1CORE tech-
nology 1s amenable to adaptation to various MS tag detec-
tion technologies and diagnostic strategies. For example,
1CORE technology can be used 1n the context of multiplexed
enzyme (e.g., protease) activity profiling using MS/MS
strategies, as described i PCT application PCT/US2010/
000633, published as W(O/2010/101628 on Oct. 9, 2010, the
entire contents of which are incorporated herein by refer-
ence.

[0102] For example, 1COREs can be conjugated to a
carrier, for example, a nanoparticle (e.g., a nanoworm
(NW)), via a linker comprising an amino acid sequence that
1s cleaved by an enzyme of interest, ¢.g., by a protease
assoclated with a disease. Such 1CORE NWs, also some-
times referred to as pro-diagnostic reagents, can then be
administered to a subject to interrogate the activity of the
enzyme 1n the subject. In some embodiments, a set of
1CORESs 1s provided that 1s linked to a carrier via different
linkers targeted by different enzymes (e.g., diflerent pro-
teases) 1 a way that the activity of each protease releases
one specific 1ICORE tag. Used in this manner, 1CORE
technology can be employed to interrogate the activities of
a plurality of disease-associated enzymes (e.g., disease-
associated proteases) in parallel in one multiplexed MS
assay.

[0103] In some embodiments, a set of pro-diagnostic
1CORE reagents 1s administered to a subject suspected to
exhibit an aberrant (e.g., pathogenic) level of activity of one
or more enzymes (€.g., one or more proteases) to probe the
activity levels of numerous proteases 1 one multiplexed
assay. While the carrier of the prodiagnostic reagent is
typically not secreted into the urine of the subject, when
exposed to protease activity, the respective 1CORE 1s
cleaved from the NW and released into the urine of the
subject. Urine samples are collected after a suflicient time
after administration of the pro-diagnostic reagent to the
subject has passed for the reagent to be exposed to enzyme
activity 1n the subject. Urine samples are then subjected to
MS/MS assays as described in more detail elsewhere herein,
or in PCT/US2010/000633, published as W0O/2010/101628,
to detect the cleaved 1COREs and determine whether or not
the subject exhibits an aberrant protease activity signature.

[0104] Protease activities that are associated with disease
are well known to those of skill 1n the art (see, e.g., Table 1
of PCT/US2010/000633, published as W(O/2010/101628,
for some non-limiting examples of disease-associated
enzyme activities, incorporated herein in 1ts enftirety by
reference). Protease target sequences that are useful as linker
sequences for 1COREs to carriers are also well known to
those of skill in the art. Some exemplary 1COREs, protease-
cleavable linkers, and methods for the diagnosis of diseases
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in a subject are described in detaill heremn. Additional
1CORESs, linkers, and methods will be apparent to those of
skill in the art based on this disclosure, and the disclosure 1s
not limited 1n these aspects. As will be apparent to the skilled
artisan, the use of 1CORE technology in the context of
multiplex protease activity assays allows for an improve-
ment of multiplexing capabilities and increased ease of
detection as compared to previously described methods.

[0105] Some embodiments provide kits of reagents
described herein. For example, some embodiments provide
a kit comprising a set of 1COREs, for example, 1sobaric
peptide 1COREs, that comprises 1COREs having different
fragmentation signatures. In some embodiments, the
1COREs are conjugated to a reactive chemical moiety, for
example, a peptide-reactive moiety that forms a covalent
bond to a peptide when contacted with such a peptide. In
some embodiments, the different iICORFs 1n a set of ICOREs
so provided are separated, thus allowing the end-user to
label a particular sample, for example, a protein sample,
with a specific 1ICORE and a different sample with a diflerent
1CORE, thus allowing subsequent mixing and simultaneous
analysis 1f the samples in an MS assay, e.g. 1n an LC MS/MS
assay.

[0106] In some embodiments, a kit 1s provided that com-
prises a set or library of binding agents that are conjugated
to 1CORESs, as described herein. In some embodiments, each
binding agent binding a particular analyte 1s conjugated to
an 1CORE of a particular fragmentation signature, so that the
analyte bound by the binding agent can be 1dentified by the
fragmentation signature of the 1CORE.

[0107] Some aspects of this invention relate to biochemi-
cal encoding of parameters, for example, ol analytes, into
mass tags, for example, 1ICOREs. In some embodiments, the
biochemical encoding of an analyte parameter, e.g., the
presence ol an analyte 1n a sample or the amount of an
analyte 1n a sample, involves contacting the sample with a
binding agent (e.g., an antibody or antibody fragment)
specifically binding the analyte and bound to an 1CORE the
fragmentation signature 1s assigned to the specific analyte
bound by the binding agent, 1solating or enriching for those
binding agent molecules that have bound the analyte,
optionally, releasing the 1CORE 1from the 1solated or
enriched binding agent molecules and subjecting the 1ICORE
(released or not) to an MS assay. In other embodiments, the
biochemical encoding 1s achieved by translating a param-
cter, for example, the presence of an analyte 1n a sample, or
the 1dentity of a cell or tissue, into an 1CORE signature by
tagging the sample, cell, or tissue with a unique 1CORE, for
example, by spiking an 1CORE imnto the sample, or by
attaching (e.g., covalently via a cleavable linker) an 1CORE
to a cell or tissue. In some embodiments, the biochemical
encoding 1s carried out for multiple parameters 1n parallel,
for example, by contacting a complex sample (e.g. a blood
or tissue sample) containing or suspected to contain a
plurality of analytes with a plurality of 1COREs bound to a
plurality of binding agents, wherein each binding agent
specifically binds a particular target analyte and i1s conju-
gated to a specific 1ICORE with a unique fragmentation
signature. After 1solation or enrichment of analyte-bound
binding agents and rescue of the conjugated 1COREs from
the 1solated or enriched binding agents, the presence or
absence as well as the relative or absolute amount of the
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target analytes can be determined by an MS assay, e.g., an
LC MS/MS assay as described 1n more detail elsewhere
herein.

[0108] A schematic of an exemplary biochemical encod-
ing strategy 1n which the presence of a plurality of analytes
in a sample 1s translated 1nto 1COREs 1s described 1n FIG. 1.
In some embodiments, the translation of a parameter into an
1CORE comprises a step of deconvolution, for example, a
step ol analyte enrichment from a complex biological
sample. Deconvolution can increase assay sensitivity, speci-
ficity, and/or accuracy. In some embodiments, a sample to be
assessed 1s enriched for an analyte by contacting with an
aflinity agent that binds the analyte, specifically or non-
specifically, and allows for enrichment of the analyte, for
example, by physical separation of the bound analyte from
unbound material. An aflinity agent may be an agent that
non-specifically binds the analyte based on a non-specific
interaction, for example, a non-specific interaction based on
the surface charge of the analyte. Such non-specific binding
will typically result in a lower level of deconvolution of the
sample than the use of an athnity agent that specifically
binds the analyte, since non-specific binding 1s generally not
restricted to the specific analyte, but also extends to other
molecules of similar physiochemical properties. Alterna-
tively, an aflinity agent may also be an agent that specifically
binds the analyte. For example, an atlinity agent may be a
binding agent, for example, an antibody or antibody frag-
ment, that 1s immobilized on a solid support, such as a bead
or membrane surface. Solid supports useful for the separa-
tion of materials bound to their surface from biological
samples are well known to those of skill in the art, and
include, but are not limited to, membranes, resins, beads,
and the surface of plates, dishes and tubes.

[0109] In some embodiments, a complex sample 1s con-
tacted for deconvolution with an athnity agent under con-
ditions suitable for the aflinity agents to bind the analyte(s).
Typically, the sample comprises a liquid phase that 1is
contacted with the athnity agent. In some embodiments, the
allinity agent, and any analyte(s) bounds to 1t are subse-
quently removed from the sample, for example, by physical
separation, or aspiration ol liquid supernatant. In some
embodiments, the allinity agent 1s washed aiter separation to
remove remaining residue of the biological sample on the
aflinity agent for further deconvolution.

[0110] In some embodiments of biochemical encoding of
analytes, a sample 1s contacted with an aflinity agent or a set
of athmity agents that bind(s) a set of analytes of interest,
under conditions suitable for the athnity agents to bind the
respective analytes, and for the analytes to become 1mmo-
bilized on the athmty agent. In some embodiments, the
sample 1s then de-convoluted, for example, by washing
away any unbound material. In some embodiments, the
sample, deconvoluted or not, 1s then contacted with a set of
1COREs conjugated to binding agents that specifically bind
a set ol analytes under conditions suitable for the binding
agents to bind their respective analytes. In some embodi-
ments, those 1ICORESs conjugated to binding agents that have
actually bound to an analyte are subsequently isolated or
enriched, for example, by removing any unbound 1COREs
and binding agents from the sample. This “rescued” set of
1CORESs represents a biochemical encoding of the analytes
present 1n the sample. In some embodiments, the 1COREs
are conjugated to the binding agents via a cleavable linker,
and the process of biochemical encoding of the analytes 1n
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the sample comprises a step of cleaving the linker and
releasing the 1COREs from the binding agents. In some
embodiments, the rescued 1COREs are subjected to an MS
assay, for example, an MS/MS assay as described herein, to
determine their identity and/or quantity, and thus the 1dentity
and/or quantity of the respective analytes in the sample.

[0111] It will be appreciated, that translation for biochemi-
cal encoding 1s not restricted to analytes, but can be applied
to other parameters as well. For example, 1CORE technol-
ogy provides a possibility to track samples, cells, tissues,
reagents, or molecules. As one example of biochemical
encoding for tracking purposes, 1ICORE technology can be
used to encode small molecule compound 1dentities, e.g., in
the context of small molecule screens. Biochemical encod-
ing of small molecule compound 1dentities 1s particularly
uselul 1n the context of large combinatorial small molecule
screens, where thousands, tens of thousands, or hundreds of
thousands of small molecule combinations can be tracked
without the logistic problems commonly imposed by such
screens. In some embodiments, each small molecule 1n such
a screen 1s associated with an 1CORE having a unique
fragmentation signature, for example, by simply adding the
1CORE to the small molecule, thus generating a composition
comprising the 1CORE and the small molecule. In some
embodiments, the composition comprises the 1CORE 1n the
small molecule at a specific, known ratio. In some embodi-
ments, the composition 1s then used 1n a combinatorial
chemical screening assay, for example, 1n an assay 1n which
multiple combinations of multiple small molecule com-
pounds 1n multiple dilution ratios are tested for a desired
cllect. The desired effect may be any effect for which small
molecule libraries are currently being screened, including,
but not limited to, a biological eflect, such as the induction
of cell death 1n a cancer cell line, the inhibition of aberrant
cell proliferation, the induction or repression of the expres-
sion of a specific gene, or the induction of epigenetic
reprogramming. Many other desired effects for which small
molecule compound libraries can be screened will be appar-
ent to those skilled 1n the art, and the invention 1s not limited
in this respect.

[0112] Biochemical encoding of each small molecule with
a unique 1CORE allows for the identification and/or the
quantification of each small molecule compound 1n a mix-
ture or dilution series of small molecule compounds by
subjecting the mixture or dilution to an MS assay. Any
specific 1ICORE detected 1n the MS assay can then be traced
back to the particular small molecule compound 1t encodes.
If the concentration of the small molecule compound was
also encoded, for example, by generating the original
1CORE/small molecule compound mixture used in the
screen to comprise a particular ratio of the two components,
the mtensity of signal detected for the specific 1ICORE can be
used to determine the concentration of the small molecule
compound 1n the mixture or dilution of interest.

[0113] For example, a simple combinatorial small mol-
ecule screening assay may comprise a combinatorial dilution
series screen of 10 small molecule compounds (SMC 1-10)
at 10 different dilutions (D 1-10), 1n which all possible
mixtures of any or all of the ten compounds at any possible
dilution ratios of the compounds are to be tested. For
example, ten potentially synergistic cancer drug candidates
might be tested this way for their efliciency to kill cancer
cells, e.g., to mvestigate which combination of these can-
didates at which ratio eflects the greatest synergy or the
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greatest biological effect. Even such a simple screen poses
a significant logistic challenge in view of the necessity to
map the contents and drug concentrations of multiple thou-
sands of samples. Biochemical encoding of the drug candi-
dates with only 10 1ICORESs (e.g., 1ICORE G1-10, assigned to
CD1-10, respectively) circumvents the problems associated
with this logistical undertaking. For example, each drug
candidate could be spiked with one of the 1COREs at a
specific, known ratio of drug candidates and 1CORE at the
beginning of the experiment. The generation of dilution
series and drug candidate mixtures can then be carried out as
usual, but without the necessity to keep track of all pipetting
steps and the resulting sample contents. After screen read-
out, for example after the detection of a sample showing the
desired biological effect, the supernatant of the sample can
be obtained, and subjected to an MS assay. The MS assay
will not only 1dentity the presence or absence of each of the
drug candidates, but can also be used to determine the ratios
of the drug candidates identifies to be present in the sample
based on the known 1CORE/drug candidate ratios in the
original spiked mixture at the beginning of the experiment.

[0114] For example, 11 in the hypothetical screen described
above, the MS assay would detect the presence of 1CORESs
1,4, and 7 at a ratio of 1:10:2 1n a sample of interest, the
presence of drug candidates 1, 4, and 7 can be inferred. It can
turther be 1nferred that drug candidate 1 was present at the
lowest concentration (e.g., D10), drug candidate 4 at the
highest concentration (e.g., D1), and drug candidate 7 at the
second lowest concentration (e.g., D9) of the dilution series.
If molar ratios of 1CORE and drug candidate were known 1n
the original spiked sample at the beginning of the experi-
ment, a determination of the concentration of each drug
candidate may be possible directly from the MS data,
without the need to track dilutions.

[0115] Aside from circumventing the necessity to track
thousands of pipetting steps, drug candidate tracking with
1CORE biochemical encoding during combinatorial screen-
ing allows for an assessment of the actual conditions 1n the
sample of interest, which, for example, avoids erroneous
results caused by pipetting errors. The particular 1COREs
used for biochemical encoding and drug screening should be
chosen to not interfere with the process being probed.
Peptide 1COREs are suitable for a variety of biochemical
encoding applications during drug screening, since the pep-
tides are inert to most biochemical processes. It will be
apparent to those of skill in the art, that, depending on the
length and the conditions encountered by the 1ICOREs during
the drug screening process, useful 1COREs will have to
exhibit suflicient stability to withstand the conditions
encountered. In some embodiments, peptide 1COREs with
improved stability are generated by using non-naturally
occurring amino acid residues and/or peptides comprising
non-hydrolyzable bonds. Peptides exhibiting increased sta-
bility, for example, peptides comprising non-hydrolyzable
bonds, are well known to those of skill in the art, and the
skilled artisan will be able to readily ascertain methods and
reagents for the generation.

[0116] In some embodiments, a method for tracking a cell,
cell population, tissue, or compound by biochemical encod-
ing via 1ICORESs 1s provided. In some such embodiments, the
method comprises conjugating a unique 1CORE to a cell,
cell population, or tissue, for example, by contacting the
cell, population of cells, or tissue with an 1CORE under
conditions suitable for the 1CORFE to bind to the cell,
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population of cells, or tissue. In some embodiments, an
1CORE covalently bound to a binding agent 1s used to
achieve this conjugation. For example, 1n some embodi-
ments, the 1ICORE 1s bound to a binding agent, for example,
an antibody or antibody fragment, that specifically binds a
surface marker, for example, a surface protein or polysac-
charide marker of the cell, population of cells, or tissue. In
other embodiments, a cell, cell population, tissue, or com-
pound 1s contacted with an 1CORE comprising or conjugated
to a reactive chemical moiety under conditions suitable for
the reactive chemical moiety to form a covalent bond with
a surface marker of the cell, cell population, tissue, or with
the compound. In some embodiments, the compound 1s a
compound that 1s used i the generation of or can be
embedded into a hydrogel, for example, a PEG hydrogel as
described 1n FIG. 7. In some embodiments, the hydrogel 1s
used in the generation of beads or in the production of a
scaflold for tissue engineering, e.g., as a substrate for
growing artificial, engineered tissues, for example, engi-
neered organs, such as micro-livers. The result of this
approach 1s the production of 1ICORE-tagged beads or scat-
folds and, 1f such scaflolds are used for the generation of

engineered organs, 1ICORE-tagged organs. In some embodi-
ments, a plurality of different 1ICORE-tagged beads or engi-
neered organs 1s subjected to different experimental condi-
tions, e.g., the exposure to different growth factors and/or
small molecule compounds, or growth factor and/or small
molecule compound combinations at different dilutions, and
those beads or engineered organs exhibiting a desired phe-
notype or parameter at the end of the experiment 1s identified
by rescuing the 1CORE tag from the desired bead or organ
and subjecting 1t to an MS assay, e.g., an LC MS/MS assay.

[0117] In some embodiments, a set or library of 1ICOREs
1s provided that comprise or 1s conjugated to a reactive
chemical group that can form a covalent bond to a peptide.
Such reactive chemical groups are known to those of skill 1n
the art and include, but are not limited to those reactive
chemical groups conjugated or comprised 1n mass tags used
in 1TRAQ assays. In some embodiments, methods for the
use of such peptide-binding 1COREs are provided, for
example for the simultaneous analysis of proteins in samples
of different origin, for example, blood or tissue samples from
different subjects. In some embodiments, protein samples
obtained from different subjects, for example, from different
experimental mice, or from diflerent tumor biopsies, are
conjugated to a unique 1CORE each. In some embodiments,
a plurality of such 1CORE-labeled samples 1s then pooled
and simultaneously analyzed 1n an MS assay, for example,
an LC MS/MS assay. In some embodiments, the data
obtained from such simultaneous proteomics experiments 1s
used to compare protein expression levels across a large
number of samples, for example, across at least 10, at least
15, at least, 20, at least 25, at least 30, at least 40, at least 50,
at least 60, at least 70, at least 80, at least 90, at least 100,
at least 150, at least 200, at least 250, at least 500, at least
750, at least 1000, or more than 1000 samples. The large
number of possible unique fragmentation signatures that can
be obtained from a single 1ICORE base sequence, for
example, from a glu-fib amino acid sequence, allows for the
unique labeling and subsequent simultaneous analysis of
such sample numbers, which is far beyond the multiplexing
capabilities of the currently available technologies, e.g.,

iTRAQ.
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[0118] Some aspects of this invention provide multiplexed
diagnostic assays using 1ICORE technology. Currently, many
molecular biomarkers are known that are correlated with,
and, thus, indicative of a disease or condition 1n a subject.
For example, a plethora of molecular biomarkers have been
reported for diseases such as cancer, infectious disease,
cardiovascular disease, renal disease, autoimmune disease,
toxic states, and for the detection of certain side eflects of
drugs. Current diagnostic assays typically focus on one or
only a few biomarkers to detect a specific disease or con-
dition. For example, some cancers, such as prostate and
ovarian cancer are monitored by use of single biomarkers 1n
the blood of subjects diagnosed or suspected to have such a
cancer. Such diagnostic techniques are achieved, for
instance using fluorescence detection of molecular markers
which are activated 1 a particular disease state. Other
diagnostic techniques to momtor molecules include the use
of gene arrays for stratifying breast cancer patients via
unique signatures (Sotiriou C., Piccart, M. J., Taking gene-
expression profiling to the clinic: when will molecular
signatures become relevant to patient care?, Nat. Rev. Can-
cer, 7, 534-553, 2007) and sequencing target gene mutations
to uncover the molecular lesions that predict glioblastoma
response to EGFR kinase inhibitors (Mellinghofl, 1. et al.,
Molecular Determinants of the response of glioblastomas to
EGFR Kinase Inhibitors, NEIJM, 333, 16, 2005). Both of the
foregoing references are incorporated herein in their entirety
by reference for their disclosure of diagnostic biomarkers.

[0119] Some of the reagents and methods for multiplex
analyte detection and quantification in complex samples, for
example, 1 a body fluid or tissue sample obtained from a
subject, allow for the sensitive and accurate assessment of
multiple biomarkers simultaneously, thus providing an
avenue for the generation of clinically relevant multi-pa-
rameter biomarker profiles of a single disease or condition or
ol a plurality of diseases or conditions from such a sample.

[0120] In some embodiments, 1CORE technology as
described herein 1s used to assess a plurality of biomarkers,
¢.g., the presence or absence or the quantity of an analyte 1n
a biological sample obtained from a subject, such as a body
fluid (e.g. blood, serum, urine, cerebrospinal fluid, or lymph)
or tissue (e.g., tumor, malignant, neoplastic, hyperplastic,
liver, kidney, lung, muscle, lymph node, or brain tissue). In
some embodiments, the plurality of biomarkers comprises a
panel of biomarkers known to be associated with a particular
disease or condition. In some embodiments, a diagnostic
1CORE method 1s provided. In some embodiments, the
method comprises obtaining a sample from a subject. In
some embodiments, the subject 1s a human subject. In some
embodiments, the subject 1s a non-human mammal. In some
embodiments, the method comprises a deconvolution step 1n
which target analytes are 1solated or enriched, for example,
by a deconvolution method as described elsewhere herein.
In some embodiments, the method comprises contacting the
sample, whether deconvoluted or not, with a set or library of
1COREs conjugated to a set of binding agents specifically
binding to the target analytes, as described herein, under
conditions suitable for the 1CORE-conjugated binding
agents to bind their respective target ligands. In some
embodiments, the method comprises a step of 1solating or
enriching the bound 1CORE-conjugated binding agents, for
example, by washing ofl unbound binding agents. In some
embodiments, the method comprises rescuing the 1CORESs
conjugated to the analyte-binding binding agents, for
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example, by cleavage of a linker connecting the 1CORE:s to
the binding agents, as described elsewhere herein. In some
embodiments, the method comprises subjecting the rescued
1CORESs to an MS/MS assay, for example, an MS/MS assay
as described herein. In some embodiments, the method
turther comprises determining the signal obtained from each
specific 1CORE 1n the sample based on the results of the
MS/MS assay. In some embodiments, the method comprises
determining the presence or absence of the analyte repre-
sented or 1dentified by the specific 1ICORE based on whether
or not a signal was obtained in the MS/MS assay that
identified the specific 1ICORE. In some embodiments, the
method comprises quantifying the amount or concentration
of the analyte 1 the sample, or relative to the amount or
concentration of other analytes 1n the sample, or relative to
the amount or concentration of the same analyte 1 a
different sample, for example, a reference or control sample,

[ 1

by quantifying the signal obtained from the specific 1ICORE
in the MS/MS assay.

[0121] In some embodiments, the assessment of multiple
biomarkers in a single diagnostic assay increases the speci-
ficity, sensitivity, and/or accuracy of the assessment of the
biomarkers and/or the diagnosis inferred from the assay. In
some embodiments, the 1ICORE MS/MS assay also com-
prises the assessment of a control marker, for example, of an
analyte or a set of analytes that are known to be virtually
constant across healthy and diseased states or across indi-
viduals. There are many protein biomarkers present 1n blood
that are useful for assessment by 1ICORE MS/MS analyses.
For example, in certain embodiments for ovarian cancer,
5-20 protein or peptide biomarkers may be monitored (see,
¢.g., Petricoin, E., et. Al., Use of proteomic patterns in serum
to 1dentily ovarian cancer, Lancet, 359, 572, 2002, incorpo-
rated 1n 1ts enftirety by reference for disclosure of ovarian
cancer biomarkers). Serum cytokines, of which IFN-gamma
and TNF-alpha are normally classified, including, but not
limited to, 1L-1, 11-2, 11-4, I1-3, 11-6, 11-10, 11-12, 11-13, 11-17,
11-21, 11-23, MCP-1, TGF-beta, TNF-beta, TWEAK, GM-
CSF, and Granzyme B, are useful for monitoring inflamma-
tory processes involved 1n cancer, as well as host responses
to vaccines, and infectious diseases. It will be apparent to
those of skill 1n the art that the biomarkers described herein
are for 1llustration only and not meant to limit the invention
in this respect. Any biomarker, and particularly, any peptide
or protein biomarker can be assessed by 1ICORE MS/MS
assays provided herein, and the mnvention 1s not limited 1n
this respect.

[0122] In some embodiments, 1ICORE technology 1s used
in the context of personalized medicine. For example, 1n
some embodiments, a clinical intervention, e.g., a drug, a
treatment schedule, or a surgical intervention, 1s chosen
from a group of such interventions, based on the results of
an 1CORE assay performed on a sample obtained from the
subject, for example, a blood or tissue sample assessed for
a set of biomarkers, or based on analyte or enzymatic
activity signatures produced from an in vivo 1CORE assay,
by methods described herein.

[0123] In some embodiments, 1ICORE technology 1s used
to monitor a subject’s response to a treatment. For example,
in some embodiments, 1ICORE assays are performed repeat-
edly during the treatment of a diseased subject, for example,
in order to determine whether the assessed biomarkers are
approaching desired values, for example, values typically
assoclated with a state of health. In some embodiments, a
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treatment regimen may be adjusted based on the results of an
1CORE assay performed during the course of the treatment,
for example, 1n order to increase the eflicacy of the treatment
or to decrease the dosage of a drug used to the minimal
ellective dose 1n order to avoid undesired side eflfects.

[0124] In some embodiments, 1ICORE technology 1s used
in clinical trials of novel drugs and drug candidates. Mul-
tiplex 1CORE technology allows for the assessment of a
variety of disease-associated biomarkers, and, in some
embodiments, also for the monitoring of a plurality of base
parameters, €.g. blood cholesterol, blood triacylglycerides,
ketone bodies, and so forth, in a subject during a clinical
trial. This allows for the comprehensive monitoring of
multiple metabolic pathways during a clinical trial and the
detection of side eflects that may be non-symptomatic
during the trail.

[0125] Mass spectrometry (MS) assays are well known to
those of skill 1in the art. Of particular use 1n the context of
some embodiments of 1CORE technology and biochemical

encoding described herein are tandem mass spectrometry
(MS/MS) assays.

[0126] Tandem mass spectrometry (MS/MS) 1s used to
produce structural information about a compound by frag-
menting specific sample 1ons 1nside the mass spectrometer
and identifying the resulting fragment 1ons. Tandem mass
spectrometry allows for specific 1ICOREs to be detected 1n
complex mixtures of 1ICORESs, for example, 1n complex sets
or libraries of 1COREs on account of their unique fragmen-
tation signature, which results 1n a specific and characteristic
fragmentation pattern.

[0127] MS/MS assays typically comprise two or more MS
steps with some form of fragmentation taking place between
the steps. A tandem mass spectrometer typically comprises
more than one analyzer, for example, two analyzers. In some
embodiments, the analyzers are separated by a collision cell
into which an iert gas (e.g. argon, xenon) i1s admitted to
collide with the selected sample 10ons and bring about their
fragmentation. However, some MS/MS assays can also be
performed on certain single analyzer mass spectrometers
such as 1on trap and time-of-tlight instruments, for example,
by using a post-source decay experiment to effect the
fragmentation of sample 1ons.

[0128] In some embodiments, because both the masses of
the parent peptide as well as the reporter 10ns of individual
1COREs are known, the detection and quantification of the
1COREs 1 a complex sample can be achieved by selected
reaction monitoring (SRM), also referred to as multiple
reaction monitoring (MRM) (see, e.g., Lange, V., Picotti, P.,
Domon, B., Acbersold, R., Selected reaction monitoring for
quantitative proteomics.: a tutorial, Molecular Systems Biol-
ogy 4:222, 2008, the entire contents of which are incorpo-
rated herein by reference). A typical SRM experiment 1s
enabled by the unique capability of a triple quadrupole
(QQQ) MS for quantitative analysis 1n which the first and
third quadrupoles act as filters to specifically select pre-
defined m/z values corresponding to the peptide 10n and a
specific fragment 10n of the peptide.

[0129] For example, in some embodiments, for 1COREs
based on 10-plex glu-fib 1CORE library (G10), the first
quadrupole serves to collect the parent Glu-fib peptide (e.g.
789.85 m/z doubly charged), the second quadrupole frag-
ments, while the third quadrupole acts to filter an individual
reporter 1on (e.g. 683.3 m/z) (FIG. 14). In some embodi-

ments, such precursor/fragment 1on ‘transitions’ (e.g. 789.85
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to 683.3 m/z) are monitored over time, which results 1n high
selectivity and sensitivity, as co-eluting background 1ons are
filtered out effectively with this approach.

[0130] In some QQQ embodiments, unlike other MS

techniques (e.g. Q-TOF), no full mass spectra are recorded
and the non-scanning nature of QQQ analysis translates into
1-2 orders of magnitude increase 1n sensitivity over full scan
techniques. Because 1sotopic amino acids can be selectively
incorporated by the user to generate unique fragment 10ns
with 1ICORE encoding, multiple unique precursor/fragment
1ion transitions can be designed into a family of 1ICOREs. For
example, in FIGS. 2 and 3, the transitions are defined from
the precursor peptide to the y7 family of fragment ions,
while 1n FIG. 13¢,d, e and FIG. 14, the transitions are defined

torm the precursor peptide to the y6 family of fragment 10ns.

[0131] In some embodiments, the first analyzer 1s used to
select user-specified sample 1ons arising from a particular
1CORE. These chosen 1CORE 10ns, for example, the 1ons of
the glu-fib 1ICOREs described herein, pass into the collision
cell, are bombarded by the gas molecules which cause
fragment 10ns to be formed, and these fragment 10ns are then
separated according to their mass to charge ratios, by the
second analyzer. The fragment 1ons arise directly from the
parent 1CORE 1ons, and thus produce a fingerprint pattern
specific to the compound under investigation. (see FIG. 3 1.
for data obtained 1n the first round of MS from a library of

glu-fib 1COREs; and FIG. 3 II. for data obtained in the
second round (after fragmentation) from the same library).

[0132] In some embodiments, the first analyzer allows the
transmission of all 1ICORE 1ons, whilst the second analyzer
1s set to monitor specific 1ICORE fragment 10ns, for example,
the glu-ib 1CORE v, 1ons, as described in FIGS. 2 and 3,
which are generated by bombardment of the sample 1ons
with the collision gas 1n the collision cell. This strategy 1s
particularly useful in embodiments, where a set of 1sobaric
1COREs 1s used, which fragment to produce distinct, but
similar fragment 1ons. Using this strategy allows for moni-
toring only the part of the spectrum spanning the particular
masses of the 1CORE 1ons, e.g. the spectrum from about 812
to about 822 Da 1n the example using 1COREs G1-G10 as
described 1n FIG. 3. This, in turn allows for a drastic
reduction 1n scanning time, because the rest of the spectrum
can be 1gnored.

[0133] Insome embodiments, both analyzers are static and
only specific parent 1ons are transmitted through the first
analyzer and only specific fragments arising from these
parent 10ns are measured by the second analyzer. The parent
ion properties of any 1CORE provided herein can be calcu-
lated according to methods well known to those of skill 1n
the art. Additionally, any 1CORE can be tested for its specific
ionization and fragmentation signature 1n an MS/MS test
run. Since the structure and MS/MS behavior of each
1CORE 1s either known or can readily be calculated or
established, this type of MS/MS assay can be employed to
determine the presence or absence of a specific 1ICORE 10n
in a matrix or fragment 1ons, for example, a matrix of
fragment 10ons originating from a complex isobaric 1CORE
library 1n a multiplex 1CORE assay as provided by aspects

of this 1nvention.

[0134] In some embodiments, peptide 1COREs, sets or
libraries of peptide 1COREs, and methods for the use of
peptide 1COREs are provided. It 1s known to those of skall
in the art that peptides fragment in a reasonably well-
documented manner 1 MS/MS assays (see, e.g., P. Roep-
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storrf, J. Fohlmann, Biomed. Mass Spectrom., 1984, 11,
601; and R. S. Johnson, K. Biemann, Biomed. Environ.
Mass Spectrom., 1989, 18, 943; the entire contents of which
are 1corporated herein by reference). In some embodi-
ments, the peptldes fragment along the peptide backbone
(see, e.g., A. E. Ashcrofit, P. J. Derrick in “Mass Spectrom-
etry of Peptides™ ed. D. M. Desiderio, CRC Press, Florida,
1990; the entire contents of which are incorporated herein by
reference). There are three different types of bonds that can
fragment along the amino acid backbone: the NH—CH,
CH—CO, and CO—NH bonds. Fach bond breakage gives
rise to two species, one neutral and the other one charged,
and only the charged species 1s momtored by the mass
spectrometer. The charge can stay on either of the two
fragments depending on the chemistry and relative proton
allinity of the two species. Hence there are six possible
fragment 1ons for each amino acid residue and these are
labeled as a, b, and ¢ 10ns, and x, y, and z 10ns, with the a,
b, and ¢ 10ons having the charge retained on the N-terminal
fragment, and the x, y, and z 1ons having the charge retained
on the C-terminal fragment. The most common fragmenta-
tion occurs at the CO—NH bonds of the peptide backbone,
which give rise to the b and/or the v 10ons. FIG. 2 shows an
exemplary nomenclature of 13 y-ions originating from a
parental glu-1ib 1ICORE sequence. Since the mass difference
of adjacent fragment 1ons correlates to the mass of the
respective amino acid residue missing 1n the shorter 1on,
¢.g., the difference 1n the mass of the y, and y,, 1015 1s the
mass of the D residue present 1n the y,, but not the y, 10n,
the peaks representing each y 1on can be identified. In the
exemplary MS/MS experiment shown in FIG. 2, y 1ons
V5-V,, could unambiguously be identified.

[0135] An example of an MS/MS spectrum obtained from
a set of 10 1sobaric 1CORESs 1s illustrated 1n FIG. 3. The first
round of MS generated one single peak, consistent with the
1sobaric character of the 1COREs (FIG. 3 1.). The 1CORE
ions were fragmented and the size of the fragments analyzed
by the second analyzer to produce the MS/MS spectrum
depicted 1n FIG. 3. II.). The 1COREs fragmented predomi-
nantly at the CO—NH bonds 1ons y 1ons y,-y,, could
unambiguously be 1dentified. A close-up of the region span-
ning the mass of the possible y, ions shows that all ten
1COREs were detected with highly similar signal strength,
indicating that all fragment ions were present at about the
same concentration. This indicates that there 1s no fragmen-
tation bias in 1ICOREs of diflerent fragmentation signature,
which allows 1CORE technology to be used in sensitive
analyte quantification MS/MS assays.

[0136] In some embodiments, the 1ICOREs are polynucle-
otides or polysaccharides. MS/MS-based assays oligonucle-
otide and oligosaccharide fragment identification are well
known to those of skill 1n the art and are similar to those used
in peptide MS/MS assays. For a general overview of MS/MS
assays useful for the detection and/or quantification of
1COREs provided herein, for example, of peptide, oligo-
nucleotide, and/or oligosaccharide 1COREs, see, e.g., S.
Pomerantz, J. A. Kowalak, J. A. McClosky, J. Amer. Soc.
Mass Spectrom., 1993, 4, 204; “An Introduction to Biologi-
cal Mass Spectrometry”, C. Dass, Wiley, USA, 2002; “The
Expanding Role of Mass Spectrometry in Biotechnology”,
G. Swuzdak, MCC Press, San Diego, 2004; “lonization
Methods 1n Organic Mass Spectrometry”, A. E. Ashcroft,
Analytical Monograph, Royal Society of Chemlstry, U K,
1997; www.astbury.leeds.ac.uk (A. E. Ashcroit’s MS web
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pages and tutorial); Chapter 9, pages 415-452 of “Mass
Spectrometry: A Textbook™ by Jurgen H. Gross, Springer;
2nd ed. edition (Mar. 1, 2011), ISBN-10: 9783642107092;
U.S. Pat. Nos. 5,8835,775; 7,412,332; 6,597,996; and “Mass
Spectrometry: Climical and Biomedical Applications Vol-
ume 1 (Modern Analytical Chemistry)” by Dominic M.
Desiderio, Springer; 1 edition (Jan. 31, 1993), ISBN-13:
978-3642107092; the entire contents of all of which are
incorporated herein by reference).

[0137] Some aspects of this mvention provides kits of
reagents useful for carrying out 1CORE-based MS assays.
Typically, a kit comprises a container housing an 1CORE
reagent, or a set or library of such reagents, as described
herein. In some embodiments, a kit also includes 1nstruc-
tions or labels describing the use of the 1CORE reagents.
[0138] In some embodiments, 1ICORE reagents described
herein, for example, 1COREs conjugated to a reactive
chemical moiety, or 1ICOREs conjugated to a binding agent
specifically binding a target ligand, or sets or libraries of
such 1CORE reagents, are assembled into kits for clinical
and/or research applications. A kit may be designed to
facilitate use of the methods described herein by clinicians
and/or researches and can take many forms. Each of the
1CORE reagents comprised in the kit, where applicable, may
be provided in liquid form (e.g., in solution), or 1n solid
form, (e.g., a dry powder). Akit may have a variety of forms,
such as a blister pouch, a shrink wrapped pouch, a vacuum
sealable pouch, a sealable thermoformed tray, or a similar
pouch or tray form, with the accessories loosely packed
within the pouch, one or more tubes, containers, a box or a
bag. In some embodiments, a kit comprising 1CORE
reagents as provided herein further comprises additional
components that are useful 1n performing the 1CORE-based
assays provided herein. Such additional components may
include, but are not limited to deconvolution reagents (e.g.,
binding agents specifically binding the set of analytes tar-
geted by the 1CORE reagents comprised in the kiat, for
example, immobilized to a solid support, such as beads (e.g.,
magnetic beads), a membrane, glass slide, resin, or plastic
vessel surface), buflers (e.g., wash bullers, binding buflers),
and enzymes (e.g., proteases cutting a cleavable linker
connecting 1COREs to binding reagents).

EXAMPLES

Example 1: Materials and Methods

[0139] Peptide and Ab peptide synthesis. All peptides
were synthesized by Fmoc chemistry 1n house by the bio-
polymers {facility at the Swanson Biotechnology Center
(MIT). Isotope-labeled amino acids were purchased from
Cambridge Isotopes. The photosensitive linker (3-Na-Fmoc-
Amino-3-(2-nitrophenyl)propionic acid) was purchased
from Advanced Chemtech. Detection antibodies against
human IFN-gamma and TNF-alpha (eBioscience, clones
45.B3 and Mab11) were first reacted with SIA (Pierce) at a
50:1 mole ratio. Following removal of excess SIA, peptides
were incubated with Abs at a 20:1 mole ratio. Excess
peptides were removed by size filtration spin filters (30 k
mwco, Amicon).

[0140] Ab-bead synthesis. Tosyl-activated magnetic beads
(Myone, Invitrogen) were reacted with anti-human IFN-
gamma and anti-human TNF-alpha (eBioscience, clones
NIB42 and Mab1 respectively) according to manufacturer’s
instructions. Brietly, 1 mg of either antibody was buflered
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exchange into borate bufler (0.1M Sodium borate, pH 9.0)
prior to incubation with the beads in conjugation bufler
(0.1M Borate, 1M ammonium sulphate, pH 9.0). After
overnight incubation at 37° C., remaining tosyl groups were
saturated by incubating the beads 1n 1M tris. The Ab-labeled
beads were stored 1 PBS prior to experiments.

[0141] Serum assays. Recombinant human IFN-gamma
(eBioscience) was spiked into 10% bovine serum 1n PBS.
This solution was then incubated with anti-IFIN-gamma-
beads for 1 hour at 37° C. The beads were then washed twice
with PBS belore incubation with an equimolar solution of
1CORE-labeled IFN-g and TNF-a for another hour at 37° C.
After excess antibodies were removed by washing with
0.1% BSA PBS, the bound antigens and antibodies were
cluted 1n 5% acetic acid. The solution was then exposed to
UV light (365 nm) for 30 min. (CL-1000, UVP) to liberate
the photocaged 1CORE codes into solution. The sample was
then analyzed by LC MS/MS.

[0142] Nanomaterial synthesis. Nanoworms were synthe-
sized according to previously published protocols.” Pep-
tides were synthesized at MIT (Swanson Biotechnology
Center); 1sotopically labeled Fmoc amino acids were pur-
chased from Cambridge Isotopes and 3-Na-Fmoc-Amino-
3-(2-mitrophenyl)propionic acid from Advanced Chemtech.
Amine-terminated NWs were first reacted with Vivotag 680
(Perkin Elmer) to enable 1n vivo imaging, before reacted
with SIA (Pierce) to mtroduce sulthydryl-reactive handles.
Cysteine-peptides and PEG-SH were then mixed with NWs
overnight at room temperature (95:20:1 molar ratio respec-

tively) and excess peptides were removed by size filtration.
Peptide-NW stock solutions were stored in PBS at 4° C.

[0143] In vitro protease assays. For substrate screening,
Fl-peptide-NWs (2.5 uM by peptide) were mixed with
recombinant MMP-2/8/9 (R&D Systems), MMP-7/14
(AnaSpec, Inc.), Thrombin, Tissue Factor, Factor Xa, or
Cathepsin B (Haematologic Technologies, Inc.) 1n a 96-well
plate at 37° C. 1n activity bullers according to manufactur-
er’s instructions and monitored with a microplate reader
(SpectroMax Gemini EM). For MS analysis, equimolar
1CORE-encoded NWs (Table) were incubated with pro-
teases for 2.5 hrs at 37° C. Cleavage fragments were purified
from NWs by size filtration before UV treatment (365 nm,
CL-1000 UV crosslinker, UVP). Reporters were then dried

by speed vacuum centrifuge and stored at 4° C.

[0144] In vivo imaging. All animal work was approved by
the committee on animal care (MIT, protocol #0408-038-
11). FVB/NJ mice (Jackson Labs) were fed with 0.1% w/w
DDC (Sigma) rodent chow for three weeks (Research Diets).
Fibrotic and age control animals were 1.v. infused with
VivoTag-680 labeled reagents and visualized by IVIS imag-
ing (Xenogen). For tumor xenograits, LS 174T cancer cells
lines were maintained i 10% FBS EMEM and 1noculated
s.c. (5x10°/flank) in NU/NU mice (Charles River) prior to
imaging.

[0145] Characterization of models. For 1n situ zymogra-
phy, fibrotic sections were covered with 90 ul solution of
0.5% w/v low melt agarose (Sigma) imn MMP activation
bufler (50 mM Tris, 150 NaCl, 5 mM CaCl2, 0.025% B
35, pH 7.5) with 10 ul of DQ-gelation (1 mg/ml, Invitrogen)
and Hoechst dye at 37° C. Slides were solidified at 4° C. and
then incubated at room temperature overnight to promote

gelation proteolysis by tissue proteases. To quantily hepatic
collagen, tissue from the right and left lobes (250-300 mg)
were hydrolyzed in 5 ml of 6 N HCI at 110° C. for 16 hours
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followed by hydroxyproline quantification as previously
described.*® To quantify CEA, blood was collected from
tumor animals mto Capiject microtubes (Terumo) to 1solate
serum before ELISA analysis (Calbiotech). For immuno-
fluorescence analysis, equimolar NW cocktails (5 uM/pep-
tide) were administered 1n Fibrotic FVB/NIJ or tumor bear-
ing Nude mice. After perfusion, livers or tumors were fixed
in 4% PFA, froze for sectioning, and stained for F4/80 (AbD
Serotec), MMP-9 (R&D Biosystems), CD31 (Santa Cruz
Biotechnologies) and/or FITC (Genetex) before analyzed by
fluorescence microscopy (Nikon Eclipse T1).

[0146] Collection of urinary peptides. Mice were intrave-
nously infused with 200 ul of PBS containing equimolar
NW cocktails (5 uM per peptide) with EDTA-Iree protease
inhibitor tablets (Roche) to 1solate MMP activity. Mice were
placed over 96-well plates surrounded by cylindrical sleeves
for urine collection. To prevent further reporter degradation,
voilded samples were spiked with EDTA+ complete protease
inhibitors (Roche) immediately after collection. To quantily
urinary fluorescence, 2 ul. of each sample was incubated
with magnetic beads (Dynal) coated with a.-FITC antibodies
(Genetex) 1 S0 ul binding buffer (100 nM NH_OAc, 0.01%
CHAPS) for 1 hr at 37° C., washed twice with 100 mM
NH_,OAc, and eluted twice with 15 ul of 5% acetic acid.
Samples were neutralized with 2 M Tris and quantified by
microplate fluorimetry. For 1CORE analysis, samples were
irradiated with UV for 30 min. before TCA precipitation
(20% final volume) to remove protemns. Soluble fractions
were applied to C18 reverse phase columns (Nest Group)
and eluted via step gradients of 20% ACN increments 1n
0.1% formic acid. 60% ACN {fractions containing Glu-fib
peptides were collected and dried by vacuum centrifuge.
[0147] LC MS/MS analyses. Peptide samples were recon-
stituted 1 5% ACN, 0.1% formic acid and analyzed at MIT
or the Taplin MS facility (Harvard Medical School). At MIT,
peptides were captured and eluted from a CI18 nanoflow
HPLC column (75 um internal diameter Magic C18 AQ,
Michrom BioResources, Inc.) at a flow rate of 300 nL/min
using water-acetonitrile solvent system with 0.1% formic
acid. ESI mass spectrometry was carried out on a QSTAR
Elite QTOF mass spectrometer (AB Sciex). At Harvard,
samples are reconstituted 1n 2.5% ACN, 0.1% formic acid.
Samples are 1njected using a Famos autosampler (LC Pack-
ings) into an Agilent 1100 HPLC prior to mass analysis on
a LTQ-Orbitrap (Thermo Electron). To account for discrep-
ancies 1n urine volumes and concentration, peak intensities
of individual reporters were scaled relative to 1ts respective
total 1CORE 10n current before normalization against control
samples to account for technical and age-related vanations.
[0148] Statistical Analyses. Pearson’s correlation coetli-
cients between diflerent protease profiles were calculated

with MatLAB. ANOVA analyses were calculated with
GraphPad 5.0 (Prism). For ROC analysis, risk score func-
tions were {irst estimated by logistic regression on individual
biomarkers followed by ROC curve analyses of single or
biomarker combinations (SigmaPlot).

Example 2: Detection of TNF-alpha and
IFN-gamma in a Liquid Sample

[0149] A liquid sample comprising of recombinant human
IFN-gamma spiked ito 10% bovine serum to simulate a
complex biological sample was made. As shown 1n FIG. 1a,
the sample was first deconvoluted by contacting the sample
with antibodies conjugated to the surface of beads. Specific
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binding to anti-human-TNF-alpha and anti-human-IFN-
gamma antibodies bound to the surface of the beads resulted
in 1immobilization of the target analyte IFN-gamma on the
bead surface. The beads were then separated from the liquid
sample by a magnet to remove the liquid phase and any
unbound materials comprised 1n any sample residue remain-
ing on the beads were washed away from the beads by
washing the beads with a wash bufler. The immobilized
analytes bound to the binding agents on the bead surface
were then contacted with another set of antibodies against
TNF-o and IFN-g that were conjugated to a set of 1CORESs
via a photocleavable linker (dE-*>G-*°V-dN-dD-dN-dE-dE-
G-F-F-dS-A-dR-(ANP)-K(FAM)-G-G-C (SEQ ID NO: 37),
dE-**G-*°V-dN-dD-dN-dE-dE-G-F-F-dS-*' A-dR-(ANP)-K
(FAM)-G-G-C (SEQ ID NO: 37), respectively).

[0150] In this experiment, the set comprised two antibod-
ies, one specifically binding IFN-gamma and the other
specifically binding TNF-alpha. Both antibodies were con-
jugated to 1sobaric 1ICOREs, with the 1COREs bound to the
antibodies binding IFN-gamma having a different fragmen-
tation signature than the 1COREs bound to the antibodies
binding TNF-alpha. Any unbound antibodies were then
removed from the beads by washing the beads with wash
bufler. The beads were then incubated 1n a stripping solution
to elute the bound matenial, and the resulting solution
collected following removal of beads by a magnet. The
photocleavable linkers were then cleaved by exposure to UV
light. The 1COREs rescued 1n this manner were then sub-
jected to an LC MS/MS assay. FIG. 15 shows the resulting
peaks of the second round MS (after fragmentation). The
target analyte IFN-gamma was detected 1n the sample while
endogenous levels of TNF-alpha, or non-specific binding
contributed to the first peak. Because the 1COREs were
1sobaric, the signal mtensity of each 1CORE can directly be
translated into a relative abundance of the target analyte.
Accordingly, IFN-gamma was far more abundant than TNF-
alpha 1n the sample analyzed, representing a robust signal to
noise of approximately 10.

Example 3: Utilization of a Canonical Peak from
Glu-Fib MS/MS Spectra as a Reporter

[0151] Glu-fib was evaluated for 1ts usefulness as a base
sequence for the generation of an i1sobaric 1CORE library.
Glu-fib 1s a 13 amino acid peptide of the sequence EGVND-
NEEGFFSAR (SEQ ID NO: 1). The fragmentation spec-
trum resulting from collision induced disassociation results
in the generation of y-type 10ons. FIG. 2 15 a typical spectrum
to 1llustrate the resulting y-type 1ons (yl-v13) and their
relative intensities.

[0152] The propensity of glu-fib to fragment along certain
peptide bonds was exploited to construct 10 mass codes
centered on the vy, ‘reporter’ 1on (EGFFSAR (SEQ ID NO:
6)) by enriching the truncated sequence with heavy amino
acids to produce vaniants differentiated by 1 Da each. This
introduced mass shiit 1s then compensated by 1sotope enrich-
ment within the ‘balance’ fragment (EGVNDNE (SEQ ID
NO: 7)). As a result, each peptide 1s characterized by an
identical nominal mass and a distinct y, fragment 10on. Thus
this 1ICORE set 1s 1sobaric, with a shared parent mass of
1579.68 Da. The mass of the b, fragment (balance) was
calculated for each balance as M, =(M,,+n)-1 and the
mass of each y,-fragment as M, ;,,=(M,,+1), with
M,,=767.3 and M,,=812.38. The calculated masses ot four
1CORESs of the set are given 1n the table on the lower right
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of FIG. 2. The set of 1sobaric 1ICOREs was then subjected to
an MS/MS assay. The data obtained 1s shown in the MS/MS
graph 1n FIG. 3.

(L]

Example 4: MS/MS Data from Isobaric 1COR.
Libraries

[0153] A 10-plex library of glu-fib iICOREs was subjected
to an MS/MS assay. The results are depicted in FIG. 3. The
upper panel of the figure provides the sequences and frag-
mentation signatures of the 1ICOREs in the set 1COREs G1,
G2, G3, G4, G5, Gb6, G7, G8, G9, and G10). The upper panel
also shows the extracted 1on chromatograph obtained from
the 10-plex 1ICORE library (G1-G10) after the first round of
MS. Only one peak was observed (m/z=789.7-790.0).
[0154] Accordingly, each 1CORE 1s mass 1ndistinguish-
able from the multiplexed set as well as undifferentiable by
chromatography, which, in some embodiments, 1s beneficial
for quantification, which 1s consistent with the calculations
in Example 3. The middle panel of FIG. 3 shows MS/MS
results following fragmentation of the peak observed in the
upper panel. The results demonstrate that, also consistent
with the observations of Example 3, y-1ons y;-y,, could be
identified. Importantly, magmfication of the m/z window
around the predicted m/z values of the y, fragmentation 10ns
generated revealed individual, distinguishable peaks corre-
sponding to individual 1CORE fragmentation signatures
(lower panel). Relative quantification of the signals obtained
tor G1-G10 revealed that the relative representation of the
1COREs 1n the original sample (equal amounts of each
1CORE) was closely mirrored 1n the peak pattern obtained,
indicating that the method 1s not only fit for qualitative
detection (absence/presence of an analyte), but also for
quantitative and comparative quantitative studies.

Example 5: Quantitative 1CORE

[0155] In order to imnvestigate whether relative quantities
of 1ICORE abundances 1n a sample are accurately reflected 1n
MS/MS assays such libraries are subjected to, a sample
comprising a 10-plex 1CORE library (G1-G10), as described
in Example 4, was created, in which the different 1CORESs
were comprised at different relative abundances 1n defined

rat10s. The original sample comprised the following 1CORE
stoichiometry: G1:G2:G3:G4:G5:G6:G7:G8:G9:G10 were

at a ratio of 1:2:3:4:5:10:10:5:3:2:1. The sample was sub-
jected to an MS/MS analysis and the results are shown in
FIG. 4. The bar graph shows a good correlation of the
original stoichiometry and the measured abundances of the
1COREs. Further analysis of expected (theoretical) and
observed (extracted) abundances of each 1ICORE demon-
strate that the MS/MS results closely resemble the actual
abundances 1n the sample. The correlation coeflicient of the
observed and the expected data set was calculated to be
R*=0.99. These results indicate that multiplex iCORE assays
are suitable for quantitative analysis and that 1CORE abun-
dance 1s maintained and accurately reflected after multiplex

MS/MS assays.

MS/MS Assays

Example 6: Linear Dynamic Range of 1ICORE
MS/MS Assays

[0156] In order to mnvestigate the dynamic range in which
1CORESs could be reliably detected and quantified, a dilution
series of a 10-plex 1CORE library, as described 1n Example
4, was generated. The library comprise each 1CORE (G1-
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(G10) at the same abundance. Five diluted samples, with a
concentration of 10'M (100 nM), 10~*M (10 nM), 10°M

(1 nM), 107'°M (100 pM), and 10""M (10 pM), respec-
tively, were then subjected to an MS/MS assay. The
observed intensities for each 1CORE at each concentration
were plotted 1n relation to the concentration of the 1COREs
in the dilution sample. FIG. 5§ shows that all iICOREs were
accurately detected at all concentrations, indicating that
sensitivity of 1ICORE MS/MS assays and the linear dynamic
range, 1n which actual 1CORE abundances 1n the sample are
accurately reflected in the observed signal intensity, extends
to at least from the picomolar range to the nanomolar range,
spanning at least five orders of magnitude. These results
indicate that accurate detection of 1COREs 1n a multiplex
MS/MS assay 1s possible at high sensitivity, with even
picomolar levels of 1ICOREs being detectable at an accuracy
allowing for quantitative analysis.

Example 7: Efficiency of 1CORE Release from
Covalently Bound Substrate Via Photocleavage

[0157] In order to evaluate the efliciency of release of
1COREs covalently bound to a substrate, for example, a
binding agent specifically binding a target analyte, a glu-
fib-based 1CORE was generated and conjugated to a sub-
strate via a covalent bond. The 1CORE was connected to the
substrate, another peptide via a photocleavable linker, thus
generating a photo-caged, or photocleavable, 1CORE-sub-
strate tandem peptide. The photo-caged tandem peptide was
exposed to UV light of ~350 nm wave length for a time (30
min) suihicient for photocleavage of the linker, which
resulted 1n a release of the 1ICORE from the tandem peptide
as shown 1n the upper panel of FIG. 6. The process of
photocleavage was monitored by LC MC (lower panel). The
data obtained demonstrate that the photo-caged tandem
peptide (I, m/z=881.7) was quantitatively cleaved and close
to 100% of the theoretically recoverable amount of the
released 1CORE (11, m/z=785.4) was rescued. These results
indicate that photocleavage of 1COREs covalently bound to
other molecules, e.g., other peptides, such as binding agents,
or hydrogel-forming molecules, via a photocleavable linker,
can be efliciently released by exposure to UV, and can be
quantitatively rescued and accurately quantified in LC MS
assays.

Example 8: Labeling of Molecules with 1COREs by
Conjugation to Reactive Moieties

[0158] In order to mvestigate whether 1COREs could be
used to covalently label other molecules, glu-fib 1ICOREs are
conjugated to a reactive chemical group able to form a
covalent bond to a compatible chemical moiety under cer-
tain conditions. For this, a glu-fib 1CORE 1s attached to a
reactive chemical moiety able to form a covalent bond to a
PEG monomer when exposed to UV light in the presence of
PEG monomers. As depicted 1n FIG. 7, UV exposure results
in the formation of a glu-fib 1ICORE-labeled PEG polymer
in this case a hydrogel, in which the PEG scaflold is
covalently bound by 1CORE:s.

[0159] This proof-of principle experiment demonstrates
that substrates can be covalently labeled with 1COREs and
that 1ICORE-labeled hydrogels, usetul, for example, as scat-
folds for tissue engineering, can readily be achieved.
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Example 9: Mass-Encoded Synthetic Biomarkers
for Multiplexed Urinary Monitoring of Disease

[0160] A protease sensing platform comprising multi-
plexed synthetic biomarkers for the detection of disease was
developed. FIG. 8 shows a schematic of this approach. FIG.
8a shows a synthetic biomarker library comprised of mass
encoded substrate peptide library conjugated onto nano-
worm nanoparticles. Administration of NW cocktails in
whole animals leads to accumulation 1n disease tissues (b).
Local proteases cleave peptide fragments that subsequently
filter 1nto urine. Photo-caged mass reporters are released
upon exposure to UV-light and quantified by liqud chro-
matography tandem mass spectrometry (c).

[0161] To establish a protease sensing platiorm, peptide
substrates were 1dentified that would be susceptible to
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velocities were extracted for each protease-substrate com-
bination and compiled for comparative analysis (FIG. 10aq,
b). F1G. 10 illustrates selecting protease-sensitive substrates
for NW-chaperoned urinary traflicking. Kinetics of peptide-
NW cleavage monitored by fluorimetry are shown in (a).
Specific protease-substrate combinations led to rapid acti-
vation. FIG. 106 shows a heat map comparison of initial
cleavage velocities for diflerent substrate-protease combi-

nations grouped according to activity and specificity. IVIS in
vivo imaging of DDC treated and control animals following
intravenous 1njection of VivoTag-680 labeled Glu-fib pep-
tides, (d) peptide-free NWs, or (¢) peptide-conjugated NWs.

[0163] From this set, 10 peptides with robust protease
susceptibility were selected to serve as a peptide-NW library

(Table 1).

TABLE 1

1CORE-encoded peptide biomarker library. Individual probe substrates encoded
with photo-caged igobaric mags codeg for quantification by LC MS/MS.

Synthetic Biomarker Library® Subgtrate Isobaric mass code® v@ reporter O +ED]
Gl @Dc®@VndneeGFfsAr-X-K(FAM) POGIWGQO @@ vndneeGFfsAr GPSAE 683 .4
G2 D@ vndnec®GFfsAr-X-K (FAM) LVPRGSG cDPvndnePGFfsAr @GFIsA 884 .4
@3 @@ vndnec@GFfsAr-X-K (FAM) PVGLIG @@ vndnePDGFfsAr @GFsAr 685 .4
G4  e@Vndnec@DGFf<PAr-X-K (FAM) PWGIWGQOG e@vVndnec@cFfPar @crf@ar 686 .4
a5  e@VndneeGFf<@Ar-X-K(FAM) PVPLSLVM e@VndneeGFf<PAr GFfPAr 687 .4
a6 D@ vndnec@GFf<PAr-X-K (FAM) PLGLRSW @@ vndnePcFf<Par @crf@ar 688 4
a7 €@avndnee@FfsAr-X-K(FAM) PLGVRGK c@aevndneeC@DFfoAr CDFfoAr 889 .4
a8  Devndnee@Ff<®Par-X-K (FAM) f (Pip) RSGGE e@cVndnee@FrfPar DFf@ar 690.4
g9 @Dcevndnec@@FfsAr-X-K (FAM) f PRSGGG c@evndnec®@Ffsar @DFfsar 691 .4
G10 ecVndne®Dc@DFfsAr-X-K(FAM) f (Pip) KSGGGE eGVndnecDc@FfsAr @Oc@DFfsAr 692 .4

@

@ indicates text missing or 1llegible when filed

cleavage by extracellular proteases associated with liver
fibrosis and cancer. Fluorescein-labeled derivatives of ~50
candidate peptide sequences®’** were synthesized and con-
jugated to PEG-coated, long-circulating iron oxide nano-
worm>> (NW) nanoparticles (FIG. 9a,b,c) and incubated
with recombinant proteases commonly overexpressed in
these diseases (e.g. Matrixmetalloproteases (MMPs), cathe-
psins) as well as proteases normally present 1n blood (FXa,
Tissue factor (TF), thrombin) to evaluate substrate specific-
ity and accessibility of surface-conjugated peptides to pro-
teases. FIG. 9 shows long-circulating 1ron oxide nanoworm
chaperones. NW size distribution as determined by dynamic
light scattering of dextran-coated, iron oxide nanoworms 1s
shown 1n (a). Absorbance spectra of free NWs (red) and
NWs conjugated with Fluorescein-labeled peptides (~500
nm) and Alexa 647 (blue) are shown 1n (b). In vivo clearance
kinetics of PEG-coated (blue) and PEG-free (red) NWs
conjugated with substrate peptides are shown 1n (¢). Pegy-
lated NWs extended circulation half-life by ~4 hours.

[0162] Using this assay, increases i sample fluorescence
were observed upon proteolytic cleavage of the tethered
fluorescent peptides resulting from abrogation of homo-
quenching between adjacent fluorophores. Initial reaction

[0164] Sequences of G1-G10 correspond, from top to
bottom, to SEQ ID NO: 8-SEQ ID NO: 17, respectively.
Substrate sequences correspond, from top to bottom, to SEQ)
ID NO: 18-SEQ ID NO: 27, respectively. The 1sobaric mass
codes correspond to SEQ ID NO: 28, and the y6 reporters
correspond to SEQ ID NO: 29.

[0165] In order to design a system that would probe
diseased microenvironments, the biodistribution of each
system component (1.¢. peptide and nanoparticle) was mnves-
tigated 1n disease models 1n vivo. Here, a mouse model of
liver fibrosis was selected 1n which FVB/NI mice fed with
3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) develop
progressive liver disease as a result of chronmic bile duct
injury~° (FIG. 11a,b,c), leading to fibrotic and proteolyti-
cally active livers (FIG. 12b,¢,d).

[0166] FIG. 11 illustrates urinary biomarkers of hepatic
fibrosis and resolution 1n DDC-treated mice. FIG. 11a shows
the mnduction of liver fibrosis and NW administration time-
line. FI1G. 115 shows quantification of total liver collagen by
hydroxyproline analysis. DDC treatment led to ~3 fold
increase 1n liver collagen by week 3 (***P<0.001) and a
~30% drop between week 7 and 11 (*P<0.035) that remained
above pre-treatment values (*P<0.05) (One-way ANOVA,
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Tukey post test, n=3, s.e.m.). Sirtus red histochemistry of
liver sections (scale bar=>50 um) indicated the presence of
fibrotic extensions emanating from portal triads at week 3,
persisting to week 7, and resolving by 11 weeks (c). IVIS in
vivo 1maging showed urinary accumulation of ensemble
reporter library in DDC-treated animals (d). Kinetics of
urinary accumulation quantified by a-FITC immunoprecipi-
tation (3 wk timepoint, *P<0.035, Two-way ANOVA, Tukey
post test; error bars=s.e.m.) are shown 1n (e). FIG. 11f shows
box and whisker plots of individual 1CORE peak intensities
plotted as DDC over control at 0, 3, 7, and 11 weeks
(*P<0.05, **P<0.01; repeated measures ANOVA, Tukey
post test; n=10). FIG. 11g shows ROC curves of single,
double and triple combinations of fibrosing biomarkers with
associated area under curves (AUC). (h) ROC curves of
single, double and triple combinations of resolving biomark-
ers with associated area under curves (AUC).

[0167] FIG. 12 illustrates immunofluorescence of liver
sections. FIG. 12a shows periportal images of macrophage
(red) and NW (green) infiltrate into fibrosing zones. Arrows
highlight areas of colocalization. FIG. 125 shows periportal
images of MMP9 (red) and NW (green). MMP9 expression
was not found in healthy livers (c¢). FIG. 12d shows Fluo-
rescence 1mage ol periportal zone after gelatin 1n situ
zymography. Scale bars=100 um.

[0168] To evaluate peptide traflicking, the peptide gluta-
matefibrinopeptide B (Glu-fib, EGVNDNEEGFFSAR, SEQ
ID NO: 1) was selected as a prototypic urinary marker
because its endogenous derivative (fibrinopeptide B) 1s
biologically inert and normally filters freely into urine when
released during coagulation.”” Fluorophore-labeled Glu-fib
administered intravenously (1.v.) efliciently filtered into
urine in both fibrosing and healthy animals with undetect-
able liver homing (FIG. 10¢). In contrast, larger peptide-iree
NWs (~40 nm hydrodynamic radius, FIG. 9a) homed to the
liver (FIG. 10d), consistent with the size-dependent trailick-
ing of nanomaterials and a renal clearance threshold of ~5
nm for inorganic nanoparticles.”® Importantly, in animals
treated with fluorophore-labeled peptides conjugated to
NWs, sigmificant NW-mediated peptide homing was
observed to both fibrosing and healthy livers leading to a
strong increase 1n urinary fluorescence in diseased animals
resulting from renal filtration of cleaved peptide fragments

(FIG. 10e).

[0169] Profiling Protease Activities by Mass Spectrometry

[0170] Despite the multiplexing advantages of mass-en-
coding, one challenge of detecting protease activity by MS
1s that peptide substrates 1n complex proteolytic environ-
ments can be cleaved at multiple sites by promiscuous
proteases and truncated by exoproteases™ *° to produce
diverse pools of poorly defined fragments that confound
mass analysis. Here, well-defined mass reporters to encode
a substrate library were designed. In light of the favorable
renal clearance properties of Glu-fib, d-1somer rich deriva-
tives of Glu-fib were appended to the N-termini of each
protease substrate to serve as protease resistant mass report-
ers and to promote renal filtration upon substrate cleavage
and release from NWs (Table 1). These tandem peptides
were further modified with internal photo-labile residues™”
to enable the recovery of well-defined Glufib peptides by
photolysis from complex urinary cleavage fragments fol-
lowing 1n vivo proteolysis. To test this construct, a model
photo-caged tandem peptide was synthesized (compound I,
FIG. 13a). Consistent with previously published reports on

Apr. 13, 2023

nitrophenyl groups, exposure of compound I (triply charged,
881.7 m/z; FI1G. 135, top panel) to UV light triggered peptide
cleavage, resulting in the appearance of doubly charged,
acetamide-terminated Glu-fib (785.4 m/z; FIG. 135, bottom
panel).

[0171] FIG. 13 shows photo-caged 1CORE libraries for
multiplexed profiling of protease activities by LC MS/MS.
FIG. 13a illustrates the structure of tandem peptide (com-
pound I) containing an internal UV-sensitive linker. Shown
here 1s the structure of free Glu-fib (compound II) generated
after photolysis (~350 nm). FIG. 135 shows LC MS spectra
of compound I before (top, triply-charged m/z: 881.7) and
after (bottom, doubly-charged m/z: 785.4) exposure to UV
light. FIG. 13¢ shows a 10-plex isobaric peptide library
derived from Glu-fib. FIG. 134 shows an extracted 1on
chromatogram of an equimolar 10-plex 1CORE mixture
(789.80-789.90 m/z). The entire multiplexed set was chro-
matographically indistinguishable. FIG. 13e¢ shows an
1CORE MS/MS spectrum following collision induced dis-
association. Individual reporters were identified via unique
y6 reporter 1ons (683.3-692.3 m/z) each differentiable by a
single mass unit. FIG. 13/ shows an 1iCORE MS/MS spec-
trum following incubation of a 10-plex, 1CORE-encoded
peptide-NW cocktail with recombinant MMP9.

[0172] FIG. 14 illustrates Isobaric COded REporter
(1CORE) mass encoding. FIG. 14a shows an MS/MS spec-
trum following collision induced disassociation of Glu-fib.
Peaks correspond to c-terminal, y-type peptide fragments.
FIG. 145 lists 10 1sotopic analogs and corresponding masses
produced via 1sobaric encoding. Fach sequence was con-
structed by selectively enriching the balance or reporter
regions with ‘heavy” amino acids to produce unique y6
reporter 1ons while maintaining a uniform total mass.

[0173] In order to design an extensible encoding strategy
for the library of protease substrates, the ability of 1sobaric
mass encoding” " °* was investigated to be extended to
peptide scaflolds such as the urinary reporter Glu-fib to
produce a family of mass reporters. The distinguishing
feature of an 1sobaric encoding strategy 1s that individual
members of a family of reporters share a parent mass to
facilitate efhicient peptide collection by MS, but can be
subsequently 1dentified via umique MS/MS 1ons upon frag-
mentation. It was first determined that Glu-fib fragments
into C-terminal y-type 1ons (FIG. 10a) and 10 mass codes
were constructed centered on the yv6 1on (GFFSAR, SEQ ID
NO: 4) by enriching the hexamer with heavy amino acids to
produce variants differentiated by 1 Da each (FIG. 105).
This introduced mass shift was then balanced by 1sotope
enrichment within the remainder of the peptide (EGVND-
NEE, SEQ ID NO: 3). As a result, each peptide was
characterized by an 1dentical nominal mass and a distinct y6
fragment 1on. This encoding method was termed “isobar
COded REporters” (1CORE). To validate this approach, an
equimolar 10-plex 1CORE mixture (FIG. 13¢) was analyzed
by LC MS/MS and the entire peptide library was found to
iitially appear as a single, unresolved peak (extracted 1on
chromatogram, 789.95x0.5 m/z, FIG. 13d) but following
fragmentation, to resolve to a 10 peak spectrum with no
fragmentation bias (683.4-692.4 m/z, FI1G. 15, FIG. 13¢). To
remove confounding peak overlap arising from naturally
occurring isotopes (e.g. 13C), 1CORE peptides were selec-
tively fragmented via a unit mass window centered on the
precursor 1on (FIG. 16a) to mimmize the signal from natu-
rally occurring 1sotopes to ~5% of the parent peak (FIG.
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16b). Thus, 1n samples spiked with reporters at defined ratios
(1:2:3:5:10:10:3:3:2:1), a linear correlation was observed
between peak intensity and stoichiometry in both unmodi-
fied and peak-subtracted analysis (n=3, R2=0.99 and R2=0.
99 respectively, FIG. 17a,b,c). FIG. 17 demonstrates that
1CORE LC MS/MS analysis 1s quantitative. FIG. 17a shows
an MS/MS spectrum of a 10-plex mixture of 1ICORE report-
ers combined m a 1:2:3:5:10:10:5:3:2:1 ratio. Extracted
peak tensities were highly correlated with the nput
reporter stoichiometry (r2=0.99; n=3; error bars=s.e.m.) (b).
To account for naturally occurring isotopes (FI1G. 16), indi-
vidual reporter intensities were modified by subtracting 5%
of the prior reporter intensity (¢). Compensated reporter
ratios also strongly correlated with reporter ratios (r2=0.99;
n=3; error bars=s.e.m.). All subsequent samples were peak-
adjusted to reflect contributions from naturally occurring
1sotopes.

[0174] To evaluate the ability of 1CORE multiplexing to
simultaneously report on the activities of many protease-
substrate combinations, a 10-plex, equimolar cocktail of
1CORE encoded peptide-NWs was treated with recombinant
MMP9 (Table 1). Following incubation, cleavage products
were 1solated by size filtration and exposed to UV-light prior
to MS/MS analysis.

[0175] Notably, collective substrate activities were trans-
lated 1nto distinct 1ICORE landscapes characterized by mark-
edly different y6 reporter intensities (FI1G. 13F). This library
was applied to several other recombinant proteases (FIG.
18a) and no strong correlation was found between different
1CORE protease profiles (1.e. MMP2, MMP9, MMP12, and
thrombin) as determined from Pearson’s correlation analysis
(F1G. 18b), 1llustrating the ability of 1CORE-encoded NWs
to monitor many protease and protease-substrate combina-
tions uniquely.

Example 10: Monitoring Hepatic Fibrogenesis and
Resolution

[0176] Liver fibrosis 1s a wound healing response to
chronic liver injury and results in the buildup of scar tissue
that can lead to cirrhosis, liver failure and cancer.'® The
dynamics of extracellular matrix accumulation such as col-
lagen 1s largely driven by fibrogenic hepatic stellate cells and
myfibroblasts, and matrix remodeling proteases such as
MMPs and their inhibitors. The current gold standard for
monitoring 1s a needle biopsy followed by histological
analysis; however, this technique 1s invasive, confounded by
high sampling heterogeneity, carries a finite risk of compli-
cations and cannot be performed frequently as needed (e.g.
monitoring antifibrotic therapies).”> Noninvasive assays
including ultrasound 1maging, elastography, and serum bio-
markers are limited by their low accuracies and limited
prognostic utility.>* Thus, there remains an urgent need for
noninvasive biomarkers to replace biopsy-based monitoring,
identily and validate new antifibrotic agents, and to support
clinical decision making.”> Here, it was sought to identify
synthetic biomarkers with the capacity to monitor liver
fibrosis, and to extend the DDC-induced model to include
both fibrosing and resolving disease (FIG. 11a,b,c).

[0177] The 1 vivo traflicking and ability of 1CORE-
encoded synthetic biomarkers to produce an ensemble uri-
nary signal during {fibrotic progression was determined.
Intravenous administration of a tfluorophore-labeled, 10-plex
peptide-NW cocktail resulted 1n a 2-fold increase 1n urinary
fluorescence in anmimals treated with DDC for 3 weeks
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(*P<0.03, Twoway ANOVA; FIG. 11d,¢). Immunofluores-
cence 1maging of liver sections revealed that most NWs
escaped sequestration by resident macrophages (FI1G. 12a,
arrow), infiltrating freely into the parenchyma and into
actively fibrosing periportal zones characterized by punctate
MMP9 expression (FI1G. 125,¢). Similar patterns appeared 1n
sections treated with DQ-gelatin substrates (FIG. 12d)
which permit in situ visualization of active collagen-degrad-
Ing proteases.

[0178] Collectively, these results indicated that NWs
home to fibrosing liver microenvironments containing active
proteases. In order to determine the behavior of individual
reporters to 1dentily sensitive and specific synthetic bio-
markers, the processes of fibrosis and resolution were
probed by 1CORE mass analysis. Mice treated transiently
with DDC for 3 weeks followed by restoration of DDC-1ree
chow develop distinct fibrosing and resolving windows (0-3
and 7-11 weeks respectively, FIG. 11a) as verified macro-
scopically by Sirius red collagen staining of liver sections
(FI1G. 11¢), and by hydroxyproline analysis which quantifies
total tissue collagen (FIG. 115). With this treatment regime,
liver collagen increased~3-fold compared to pretreatment
levels after 3 weeks on DDC, persisted from week 3-7 after
initial removal of DDC, and significantly decreased from

week 7-11 after sustained DDC withdrawal (*P<0.05,
3k P<0.005, n=3).

[0179] Thus, to monitor the transitions between fibrosing
and resolving disease, NWs were admimstered at 0, 3, 7, and
11 weeks into DDC-treated and age-matched control ani-
mals followed by 1CORE MS/MS analysis. The resulting
activities of 1ndividual biomarkers displayed markedly
divergent kinetics (FIG. 11f). Biomarkers G3 and G4 both
strongly increased relative to pretreatment baselines, reach-
ing a plateau by week 11 despite staggered onset at week 7
and 3 respectively. G5 and G6 showed opposing kinetics,
significantly decreasing at week 3 before either gradually
returning to pretreatment intensities (G5) or persisting to
week 11 (G6). Interestingly, G7 tracked with the kinetics of
DDC treatment, elevating sharply at week 3 followed by a
rapid reversal at week 7. All remaining biomarkers (G1, G2,
G8, G9 and G10) did not deviate from 1mitial pretreatment
activities (G1-G10; *P<0.03, **P<0.01, repeated measures
ANOVA, Tukey post test, n=10). Importantly, all biomarkers
in control animals also did not significantly depart from
baseline (FI1G. 19).

[0180] The diagnostic performance of these biomarkers
was determined by performing receiver operating charac-
teristic (ROC) analyses for individual as well as biomarker
combinations. ROC curves characterize the sensitivity and
specificity of a biomarker as a function of the discrimination
threshold by returning the area under the curve (AUC) as a
performance metric with a baseline AUC of 0.5 representing,
a random biomarker classifier (dashed line, FIG. 11g /).
Within the fibrosing window of 0-3 weeks, G5 displayed the
highest AUC amongst the 10 biomarkers (0.96, FIG. 20),
which was further improved by including G7 1n a double
biomarker combination (0.98), or G6 and G7 1n a triple
combination (1.00), resulting 1n a perfect synthetic bio-
marker classifier for fibrosing disease in this model (FIG.
11g). Within the resolving time frame of 7-11 weeks, G1 led
with AUC=0.73 (FIG. 21), which was sigmficantly
improved via the dual combination of G1+G9 (AUC=0.9)
and finally the triple combination G1+G7+G9 (AUC=0.91)
(FIG. 114).
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[0181] Collectively, these experiments demonstrate that
liver fibrosis and resolution are revealed by distinct collec-
tions of synthetic biomarkers, and that multiplexed combi-
nations allow the highest diagnostic performance—illustrat-
ing the ability of this platform to noninvasively illuminate
otherwise inaccessible aspects of liver disease evolution.

Example 11: Early Detection of Colorectal Tumors

[0182] When diagnosed prior to systemic dissemination,
many primary tumors can be eflectively treated with con-
ventional clinical interventions. °° However, most clinically-
utilized biomarkers lack the diagnostic accuracy and sensi-
tivity to discriminate small tumors, and it remains unclear
whether current endogenous blood biomarker strategies tar-
geting shed or processed byproducts of cancerous tissue can
be sufficiently improved for early detection.'”” Moreover, it
1s becoming apparent that individual serum biomarkers (e.g.
CA-125 for ovarian, PSA for prostate cancer) do not possess
the necessary sensitivity and specificity required for early
detection, and that panels of biomarkers are most likely
required.””’

[0183] Here, 1t was mvestigated whether panels of syn-
thetic urinary biomarkers could be readily adapted to allow
carlier and more accurate detection of cancer compared with
single clinical blood biomarkers, e.g., because nanoparticles
can be passively targeted to tumors to sample proteases
through fenestrated angiogenic tumor vessels.'®. In order to
explore this concept, athymic nude mice were used bearing
[.S174T xenograit tumors, a human colorectal cancer (CRC)
cell line’® that secretes the blood biomarker carcinoembry -
onic antigen (CEA) as a model system (FIG. 22). FIG. 23a
shows a timeline of LS 174T colorectal cancer cell mnocu-
lation and NW administration i Nude mice. FIG. 235
illustrates macroscopic quantification of tumor growth (n=>5,
s.d.), and FIG. 23¢ shows circulating levels of CEA 1n tumor
and control animals analyzed every third day post tumor
implantation by ELISA (**P<0.01, Two-way ANOVA,
Tukey post test). IVIS 1n vivo mmaging showed urinary
accumulation of ensemble reporter library 1in tumor-bearing
ammals (d). FIG. 23e displays quantification of urinary
fluorescence by FITC-immunoprecipitation (*P<0.05, Two-
way ANOVA, Tukey post test; n=3, s.d.). FIG. 23/ shows
ROC curves of a single, double and triple biomarker com-
bination with associated AUC (n=16; 8 ctrl, 8 tumor), and
FIG. 23g shows ROC comparison between triple biomarker
combination (G1+G2+G3) with serum CEA at day 10.
Following implantation, tumor engraitment was monitored
by sampling serum every 3 days and analyzing for CEA by
ELISA (FIG. 23b,¢). At day 10, CEA levels were isuil-
ciently elevated to distinguish tumor from control animals,
corresponding to an average tumor burden of ~130 mm-
(spherical diameter d ~6.3 mm). Tumors permitted to grow
turther were readily detected by CEA analysis (day 13 and
16), representing a limit of detection of ~330 mm3 (d ~8.6
mm) (**P<0.01, Two way ANOVA, n=5). In order to
determine whether synthetic urinary biomarkers could out-
perform serum CEA, the fluorophore-labeled, 10-plex pep-
tide-NW library described herein was administered at day O
and 10. Ex vivo imaging of excised tumors and immuno-
fluorescence analysis of corresponding sections indicated
that NWs readily homed to the extravascular milieu follow-
ing 1.v. administration (FIG. 24). Despite the inability of
CEA to indicate the presence of cancer at day 10, ensemble
peptide cleavage resulted in a strong 2-fold elevation in
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urine fluorescence (FIG. 23d,e), allowing the detection of
tumors ~2.5-times smaller than CEA (130 vs. 330 mm”) by
urinary fluorescence alone. To determine the full diagnostic
potential of multiplexed analysis, individual biomarkers
were quantified by 1CORE MS/MS. Similar to the lhiver
studies described herein, the classitying power of the highest
performing single biomarker (G1, AUC=0.78, FIG. 235)
steadily improved 1n double (G1+G2, AUC=0.88) and triple
biomarker combinations (G1+G2+G3, AUC=0.89) (n=16,
FIG. 230. This triple combination significantly outper-
formed serum CEA, which detected disease poorly with an
AUC of 0.61 at day 10 (FIG. 23g).

Discussion

[0184] Despite the fact that many new features of disease
are rapidly being discovered with global profiling
approaches, the development of this knowledge 1nto next-
generation biomarkers remains fundamentally limited by
many technical and biological challenges intrinsic to endog-
enous targets. Ideally, a candidate biomarker would be
secreted at high levels relative to native background, remain
stable or persistent 1n circulation until detection, be readily
accessible from compositionally simple host fluids, and be
able to discriminate disease with high sensitivity and speci-
ficity. In practice, such parameters are diflicult to improve or
control, and many promising biomarkers fail during rigorous
evaluation for clinical translation.

[0185] Here, a system of synthetic biomarkers was
devised with the capacity to (1) amplily biomarker levels
through substrate turnover by targeting aberrant protease
activities, (11) release stable, d-1somer enriched mass report-
ers designed to be detected within a narrow mass window
free of host molecules, (111) trigger reporter clearance from
blood 1nto urine to reduce matrix complexity and to facilitate
facile extraction, and (1v) simultaneously profile libraries of
candidate synthetic biomarkers m vivo to i1dentity multi-
plexed combinations for highly sensitive and specific diag-
nosis. The work described herein shows that by engineering
exogenous agents to interrogate diseased tissues, key bio-
logical and transport challenges can be separately addressed
prior to integration, resulting in synthetic biomarkers that
can be rapidly designed, tested and identified for distinct
diseases.

[0186] The liver studies described herein demonstrate the
potential of this technology for monitoring both liver fibrosis
and resolution. Currently, the needle biopsy remains the gold
standard despite the fact that biopsy results are often vari-
able because only a small part of the liver 1s sampled and can
lead to maccurate diagnosis or repeat biopsies. Furthermore,
oross architectural changes frequently occur at a longer time
scale compared with alterations i1n protease activities as
occurs during resolution, making i1t challenging to predict
patient trajectory based on histological analysis. Notably,
this study showed that nanoscale agents penetrate through-
out the liver, delineated a panel of fibrosing and resolving
biomarkers (0-3 and 7-11 weeks respectively), and even
revealed biomarkers between week 3 and 7 (e.g. G3, G7)
that could potentially represent an anticipatory signature in
advance of resolution since liver sections within this time
window were indistinguishable by clinically-utilized histo-
logical or matrix quantification assays. Early predictive
biomarkers of fibrotic resolution would accelerate the rate in
which new anti-fibrotic drugs are i1dentified in preclinical
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and clinical studies by quickly differentiating potential
responders from non-responders with identical histology.

[0187] Currently, little clinical data exists correlating the
s1ze of tumors to circulating biomarker levels and 1t remains
unclear whether small tumors (<1 cm’®) can be reliably
detected. Recently, Gambhir and colleagues'” have esti-
mated via mathematical modeling that solid tumors could
potentially remain undetectable for 10-12 years and reach a
spherical diameter >2.5 cm before blood biomarkers could
indicate disease. In order to be useful for early detection,
current approaches dependent on endogenous species will
need to be greatly improved. In comparison, this study
showed that multiplexed synthetic biomarker panels can
detect CRC tumors earlier and more precisely than serum
CEA, enabling the detection of tumor burdens ~2.5-fold
smaller. It further illustrated that relatively small diseased
sites (~130 mm") outside of the liver are accessible for
interrogation, openming the possibility of detecting disease at
sites currently challenging to probe with near-infrared imag-
ing (e.g. deep seeded tumors) or with other imaging modali-
ties (e.g. diseased tissues with poor MRI or CT contrast such
as liver metastases).>”

[0188] The technology described herein can be readily
extended to encompass additional diseases and alternative
applications. Given the cumulative wealth of approved and
experimental nanoparticle formulations, the work described
herein 1s transferrable to other nanomaterials and scafiolds
that can actively target or transport peptide cargo to diflerent
organs, types of vasculature, and tissue depths.*® *! Further,
the 1ICORE mass-encoding scheme disclosed herein can be
extended to create hundreds of orthogonal codes by incor-
porating additional 1sotope-enriched amino acids and by
making use ol distinct parent peptides. A larger encoding,
library would not only enable the simultaneous monitoring
of hundreds of synthetic biomarkers, but could additionally
allow the 1dentities of dysregulated proteases to be revealed
by mathematical deconvolution®** to overcome the chal-
lenges of designing specific substrates for promiscuous
proteases. A collection of diverse delivery strategies, broader
multiplexing capabilities, and precise mathematical algo-
rithms would provide rich opportunities for systems-level
monitoring of disease and clearly elucidate the roles that
complex protease networks play 1n heath and disease.
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note = May be isotope E+3,
SITE 2
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[0232] The entire contents of all references described or
listed herein, including references [1]-[43] listed above, any
references described 1n the specification above, and any
reference described below, are incorporated herein by ref-
erence, as i each and every individual reference was incor-
porated herein by reference. In case of a conflict between the
teachings of any reference incorporated herein and the
specification, the specification shall control.

[0233] The foregoing written specification 1s considered to
be suflicient to enable one skilled in the art to practice the
invention. The present invention 1s not limited 1n scope by
the examples provided, since the examples are mtended as
illustrations of various aspect of the mvention and other
functionally equivalent embodiments are within the scope of
the 1vention. Various modifications of the invention in
addition to those shown and described herein will become
apparent to those skilled in the art from the foregoing
description and fall within the scope of the appended claims.
The advantages and objects of the invention are not neces-
sarily encompassed by each embodiment of the mnvention.
[0234] As used herein and 1n the appended claims, the
singular forms “a”, “an”, and “the” include the plural
reference unless the context clearly indicates otherwise.

Thus, for example, a reference to “a cell” includes a plurality
of such cells, and a reference to “an antibody”™ 1s a reference
to one or more antibodies and equivalents thereof known to
those skilled in the art, and so forth.

[0235] Where ranges are given, endpoints are included.
For each range an embodiment in which the described
parameter assumes a single value within the range or a
sub-range within the range 1s included.

[0236] Not all embodiments have been described and
combination of a feature or of multiple features of any
embodiment(s) described herein with any feature or multiple
features of any other embodiment(s) described herein 1is
contemplated. Similarly, any limitations 1 any of the
appended claims may be combined with any limitation 1n
any of the other claims, or a combination of such limitations.
Such combined embodiments have not been explicitly set
forth to save space, but are expressly contemplated to be
within the scope of the present invention. Similarly, any
feature(s) of any embodiment described herein may be
excluded from the scope of the appended claims.

[0237] All references, patents and patent publications that
are recited in this application are incorporated in their
entirety herein by reference.

E+2 or E+1
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SITE

SOuUurce

SEQUENCE: 1

EGVNDNEEGE FSAR

SEQ ID NO: 2
FEATURE
REGION
SOoUurce
SEQUENCE: 2
KGGPVGLIGC
SEQ ID NO: 3
FEATURE
REGION
SOouUurce
SEQUENCE: 3
KGGPWGIWGQ GGC
SEQ ID NO: 4
FEATURE
REGION
SOUurce
SEQUENCE: 4
GFESAR

SEQ ID NO: b5
FEATURE
REGION
SOUurce
SEQUENCE: b5
EGVNDNEE

SEQ ID NO: o
FEATURE
REGION
SOoOurce

SEQUENCE: 6
EGFFSAR

SEQ ID NO: 7
FEATURE
REGION

SOUurce
SEQUENCE : 7
EGVNDNE

SEQ ID NO: 8
FEATURE
REGION

SITE

SITE

23

-continued
note = May be isotope G+6
8
note = May be isotope E+1 or E+2
1..14
mol type = proteiln
organism = synthetic construct

moltype = AA length = 10
Location/Qualifiers

1..10

note = Synthetic polypeptide
1..10

mol type protein

organism = synthetic construct

moltype = AA length = 13
Location/Qualifiers

1..13

note = Synthetic polypeptide
1..13

mol type protein

organism = synthetic construct

moltype = AA length = 6
Location/Qualifiers

1..6

note = Synthetic polypeptide
1..6

mol type protein

organism = synthetic construct

moltype = AA length = 8
Location/Qualifiers

1..8

note = Synthetic polypeptide
1..8

mol type protein

organism = synthetic construct

moltype = AA length = 7
Location/Qualifiers

1..7

note = Synthetic polypeptide
1..7

mol type protein

organism = synthetic construct

moltype = AA length = 7
Location/Qualifiers
1..7

note = Synthetic polypeptide
1..7

mol type protein

organism = synthetic construct

moltype = AA length = 24
Location/Qualifiers

1..24

note = Synthetic polypeptide
1

note = D-Glutamic Acid

1

14

10

13

Apr. 13, 2023
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29

-continued
note = Igsotope E+3
SITE 2
note = Isgsotope G+6
SITE 14
note = D-Arginine
MOD RES 14. .15
note = Modified by 3-amino-3- (2-nitrophenyl)propionic acid
MOD RES 15
note = Modified by carboxyfluoresceiln
source 1..24
mol type = proteiln
organism = gsynthetic construct
SITE 4
note = D-Asgparagine
SITE 5
note = D-Agpartic acid
SITE 6
note = D-Agparagine
SITE 7
note = D-Glutamic Acid
SITE 8
note = D-Glutamic Acid
SITE 11
note = D-Phenylalanine
SITE 12
note = D-Serine
SEQUENCE: 8
EGVNDNEEGE FSARKGGPQG IWGO 24
SEQ ID NO: 9 moltype = AA length = 24
FEATURE Location/Qualifiers
REGION 1. .24
note = Synthetic polypeptide
SITE 1
note = D-Glutamic Acid
SITE 1
note = Igsotope E42
SITE 2
note = Igsotope G456
SITE 8
note = Isgsotope E+1
SITE 14
note = D-Arginine
MOD RES 14..15
note = Modified by 3-amino-3- (2-nitrophenyl)propionic acid
MOD RES 15
note = Modified by carboxyfluorescein
source 1..24
mol type = proteiln
organism = synthetic construct
SITE 4
note = D-Agparagine
SITE 5
note = D-Agpartic Acid
SITE 6
note = D-Asgparagine
SITE 7
note = D-Glutamic Acid
SITE 8
note = D-Glutamic Acid
SITE 11
note = D-Phenylalanine
SITE 12
note = D-Serine
SEQUENCE :

EGVNDNEEGEF FSARKGGLVP RGSG

SEQ ID NO:
FEATURE
REGION

SITE

SITE

SITE

moltype

24

= AA length = 23

Location/Qualifiers

1..23
note
1
note
1
note
2

Synthetic polypeptide
D-Glutamic Acid

Isotope E+1
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30

-continued
note = Igsotope G+6
SITE 8
note = Isotope E+2
SITE 14
note = D-Arginine
MOD RES 14. .15
note = Modified by 3-amino-3- (2-nitrophenyl)propionic acid
MOD RES 15
note = Modified by carboxyfluoresceiln
source 1..23
mol type = proteiln
organism = gsynthetic construct
SITE 4
note = D-Asgparagine
SITE 5
note = D-Asgpartic Acid
SITE 6
note = D-Agparagine
SITE 7
note = D-Glutamic Acid
SITE 8
note = D-Glutamic Acid
SITE 11
note = D-Phenylalanine
SITE 12
note = D-Serine
SEQUENCE: 10
EGVNDNEEGE FSARKGGPVG LIG 23

SEQ ID NO: 11 moltype = AA length = 25

FEATURE Location/Qualifiers
REGION 1..25
note = Synthetic polypeptide
SITE 1
note = D-Glutamic Acid
SITE 2
note = Igsotope G456
SITE 8
note = Igsotope E42
SITE 12
note = Igsotope S+1
SITE 14
note = D-Arginine
MOD RES 14..15
note = Modified by 3-amino-3- (2-nitrophenyl)propionic acid
MOD RES 15
note = Modified by carboxyfluorescein
source 1..25
mol type = proteiln
organism = synthetic construct
SITE 4
note = D-Agparagine
SITE 5
note = D-Agpartic Acid
SITE 6
note = D-Asgparagine
SITE 7
note = D-Glutamic Acid
SITE 8
note = D-Glutamic Acid
SITE 11
note = D-Phenylalanine
SITE 12
note = D-Serine
SEQUENCE :

EGVNDNEEGEF FSARKGGPWG IWGOG

SEQ ID NO: 12

FEATURE

REGION 1..25
note

SITE 1
note

SITE 2
note

SITE 12

moltype
Location/Qualifiers

25

= AA length = 25

Synthetic polypeptide
D-Glutamic Acid

Isotope G+5
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31

-continued
note = Igsotope S+4
SITE 14
note = D-Arginine
MOD RES 14..15
note = Modified by 3-amino-3- (2-nitrophenyl)propionic acid
MOD RES 15
note = Modified by carboxyfluoresceiln
source 1..25
mol type = proteiln
organism = gsynthetic construct
SITE 4
note = D-Agparagine
SITE 5
note = D-Aspartic Acid
SITE 6
note = D-Asgparagine
SITE 7
note = D-Glutamic Acid
SITE 8
note = D-Glutamic Acid
SITE 11
note = D-Phenylalanine
SITE 12
note = D-Serine
SEQUENCE: 12
EGVNDNEEGE FSARKGGPVP LSLVM 25
SEQ ID NO: 13 moltype = AA length = 24
FEATURE Location/Qualifiers
REGION 1..24
note = Synthetic polypeptide
SITE 1
note = D-Glutamic Acid
SITE 1
note = Igsotope E+3
SITE 2
note = Igsotope G+1
SITE 8
note = Igsotope E+1
SITE 12
note = Igsotope S+4
SITE 14
note = D-Arginine
MOD RES 14..15
note = Modified by 3-amino-3- (2-nitrophenyl)propionic acid
MOD RES 15
note = Modified by carboxyfluorescein
source 1..24
mol type = proteiln
organism = synthetic construct
SITE 4
note = D-Agparagine
SITE 5
note = D-Agpartic Acid
SITE 6
note = D-Asgparagine
SITE 7
note = D-Glutamic Acid
SITE 8
note = D-Glutamic Acid
SITE 11
note = D-Phenylalanine
SITE 12
note = D-Serine
SEQUENCE :

EGVNDNEEGEF FSARKGGPLG LRSW

SEQ ID NO:
FEATURE
REGION

SITE

SITE

SITE

moltype

24

= AA length = 24

Location/Qualifiers

1..24
note
1
note
1
note
S

Synthetic polypeptide
D-Glutamic Acid

Isotope E+3
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32

-continued
note = Igsotope G+6
SITE 14
note = D-Arginine
MOD RES 14..15
note = Modified by 3-amino-3- (2-nitrophenyl)propionic acid
MOD RES 15
note = Modified by carboxyfluoresceiln
source 1. .24
mol type = proteiln
organism = gsynthetic construct
SITE 4
note = D-Agparagine
SITE 5
note = D-Aspartic Acid
SITE 6
note = D-Asgparagine
SITE 7
note = D-Glutamic Acid
SITE 8
note = D-Glutamic Acid
SITE 11
note = D-Phenylalanine
SITE 12
note = D-Serine
SEQUENCE: 14
EGVNDNEEGE FSARKGGPLG VRGK 24
SEQ ID NO: 15 moltype = AA length = 23
FEATURE Location/Qualifiers
REGION 1..23
note = Synthetic polypeptide
SITE 1
note = D-Glutamic Acid
SITE 1
note = Igsotope E42
SITE 5
note = Igsotope G456
SITE 12
note = Igsotope S5S+1
SITE 14
note = D-Arginine
MOD RES 14..15
note = Modified by 3-amino-3- (2-nitrophenyl)propionic acid
MOD RES 15
note = Modified by carboxyfluorescein
SITE 18
note = D-Phenylalanine
MOD RES 18
note = Modified by pipecolic acid
source 1..23
mol type = proteiln
organism = synthetic construct
SITE 4
note = D-Agparagine
SITE 5
note = D-Agspartic Acid
SITE 6
note = D-Asgparagine
SITE 7
note = D-Glutamic Acid
SITE 8
note = D-Glutamic Acid
SITE 11
note = D-Phenylalanine
SITE 12
note = D-Serine
SEQUENCE :

EGVNDNEEGEF FSARKGGEFRS GGG

SEQ ID NO:
FEATURE
REGION

SITE

SITE

moltype

23

= AA length = 24

Location/Qualifiers

1. .24

note
1
note
1

Synthetic polypeptide

D-Glutamic Acid
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-continued
note = Igotope E+1
SITE 8
note = Isotope E+2
SITE 5
note = Isotope G+6
SITE 14
note = D-Arginine
MOD RES 14. .15
note = Modified by 3-amino-3- (2-nitrophenyl)propionic acid
MOD RES 15
note = Modified by carboxyfluoresceiln
SITE 18
note = D-Phenylalanine
source 1..24
mol type = proteiln
organism = synthetic construct
SITE 4
note = D-Agparagine
SITE 6
note = D-Agparagine
SITE 5
note = D-Agpartic Acid
SITE 7
note = D-Glutamic Acid
SITE 8
note = D-Glutamic Acid
SITE 11
note = D-Phenylalanine
SITE 12
note = D-Serine
SEQUENCE: 16
EGVNDNEEGEF FSARKGGEFPR SGGG 24

SEQ ID NO: 17 moltype = AA length = 23

FEATURE Location/Qualifiers
REGION 1..23
note = Synthetic polypeptide
SITE 1
note = D-Glutamic Acid
SITE 8
note = Igsotope E+3
SITE 5
note = Igsotope G+6
SITE 14
note = D-Arginine
MOD RES 14..15
note = Modified by 3-amino-3- (2-nitrophenyl)propionic acid
MOD RES 15
note = Modified by carboxyfluoresceiln
SITE 18
note = D-Phenylalanine
MOD RES 18
note = Modified by pipecolic acid
gource 1..23
mol type = proteiln
organism = synthetic construct
SITE 4
note = D-Asgparagine
SITE 6
note = D-Asparagine
SITE 5
note = D-Agpartic Acid
SITE 7
note = D-Glutamic Acid
SITE 8
note = D-Glutamic Acid
SITE 11
note = D-Phenylalanine
SITE 12
note = D-Serine
SEQUENCE :

EGVNDNEEGEF FSARKGGEFKS GGG

SEQ ID NO:

FEATURE
REGION

moltype

23

= AA length = 7

Location/Qualifiers

1..7
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SOoOurce
SEQUENCE: 18
POGIWGO

SEQ ID NO: 19
FEATURE
REGION

sOource
SEQUENCE: 19
LVPRGSG

SEQ ID NO: 20
FEATURE
REGION

SOUurce
SEQUENCE: 20
PVGLIG

SEQ ID NO: 21
FEATURE
REGION

SOUurce
SEQUENCE: 21
PWGIWGOG

SEQ ID NO: 22
FEATURE
REGION

SOouUurce
SEQUENCE: 22
PVPLSLVM

SEQ ID NO: 23
FEATURE
REGION

SOoOurce
SEQUENCE: 23
PLGLRSW

SEQ ID NO: 24
FEATURE

REGION

sOource
SEQUENCE: 24
PLGVRGK

SEQ ID NO: 25
FEATURE
REGION

SITE

MOD RES

SOuUrce

34

-continued

note = Synthetic polypeptide
1..7

mol type protein

organism = synthetic construct

moltype = AA length = 7
Location/Qualifiers

1..7

note = Synthetic polypeptide
1..7

mol type protein

organism = synthetic construct

moltype = AA length = 6
Location/Qualifiers

1..0

note = Synthetic polypeptide
1..06

mol type protein

organism = synthetic construct

moltype = AA length = 8
Location/Qualifiers

1..8

note = Synthetic polypeptide
1..8

mol type protein

organism = synthetic construct

moltype = AA length = 8
Location/Qualifiers

1..8

note = Synthetic polypeptide
1..8

mol type protein

organism = synthetic construct

moltype = AA length = 7
Location/Qualifiers

1..7

note = Synthetic polypeptide
1..7

mol type protein

organism = synthetic construct

moltype = AA length = 7
Location/Qualifiers

1..7

note = Synthetic polypeptide
1..7

mol type protein

organism = synthetic construct

moltype = AA length = 6
Location/Qualifiers

1..0

note = Synthetic polypeptide

1

note = D-Phenylalanine

1

note = Modified by pipecolic acid
1..06
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SEQUENCE: 25
FRSGGG

SEQ ID NO: 26
FEATURE
REGION

SITE

SOUrce
SEQUENCE: 26
FPRSGGG

SEQ ID NO: 27
FEATURE
REGION

SITE

MOD RES

SOUY Ce
SEQUENCE: 27
FKSGGG

SEQ ID NO: 28
FEATURE
REGION

SOUrce
SEQUENCE: 28
EGVNDNEEGF SAR
SEQ ID NO: 29
FEATURE
REGION

SOUYCe
SEQUENCE: 29
GFSAR

SEQ ID NO: 30
FEATURE
REGION

SOUYCe
SEQUENCE: 320

PPGFSPFER

SEQ ID NO: 31
FEATURE
REGION

SOuUurce

SEQUENCE: 31
DRVYIHPFHL

SEQ ID NO: 32
FEATURE
REGION

SOuUrce

35

-continued

mol type protein
organism = synthetic construct

moltype = AA length = 7
Location/Qualifiers

1..7

note = Synthetic polypeptide

1

note = D-Phenylalanine

1..7

mol type = proteiln

organism = synthetic construct

moltype = AA length = 6
Location/Qualifiers

1..0

note = Synthetic polypeptide
1
note
1
note = Modified by pipecolic acid
1..06

mol type proteiln

organism = synthetic construct

D-Phenylalanine

moltype = AA length = 13
Location/Qualifiers

1..13

note = Synthetic polypeptide
1..13

mol type protein

organism = synthetic construct

moltype = AA length = 5
Location/Qualifiers

1..5

note = Synthetic polypeptide
1..5

mol type protein

organism = synthetic construct

moltype = AA length = 8
Location/Qualifiers

1..8

note = Synthetic polypeptide
1..8

mol type protein

organism = synthetic construct

moltype = AA length = 10
Location/Qualifiers

1..10

note = Synthetic polypeptide
1..10

mol type protein

organism = synthetic construct

moltype = AA length = 17
Location/Qualifiers

1..17

note = Synthetic polypeptide
1..17

13

10

Apr. 13, 2023
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SEQUENCE: 32

SYSMEHFRWG KPVGKEKR

SEQ ID NO: 33
FEATURE
REGION

sOource

SEQUENCE: 33

30

-continued

mol type protein
organism = synthetic construct

moltype = AA length = 22
Location/Qualifiers

1. .22

note = Synthetic polypeptide
1..22

mol type protein

organism = gsynthetic construct

RPVKVYPNGA EDESAEAFPL EF

SEQ ID NO: 34
FEATURE
REGION

SOouUurce

SEQUENCE: 34

moltype = AA length = 32
Location/Qualifiers

1..32

note = Synthetic polypeptide
1..32

mol type protein

organism = synthetic construct

FRWGKPVGKK RRPVKVYPNG AEDESAEAFP LE

SEQ ID NO: 35
FEATURE
REGION

SITE

SITE

SOUrce

SEQUENCE : 35
GGPLAXXARG C

SEQ ID NO: 36
FEATURE
REGION

SITE

SITE

SITE

SITE

REGION

SITHE

SOUrce

SEQUENCE: 36
EGVNDNEEGE FSAR

SEQ ID NO: 37
FEATURE
REGION

SITE

SITHE

SITE

SITE

SITE

moltype = AA length = 11
Location/Qualifiers

1..11

note = Synthetic polypeptide
6

note = X 1s Norvaline (Nva)

~

note = X 1 N - beta - (2,4 - dinitrophenyl)
-alpha,beta-diaminopropionic acid

1..11

mol type = proteiln

organism = synthetic construct

moltype = AA length = 14

Location/Qualifiers

1..14

note = Synthetic polypeptide

2

note = May be isotope G+1, G+2 or G+3

3

note = May be isotope V+1, V+5 or V+6

4

note = May be isotope N+6

6

note = May be isotope N+2 or N+6
10..11

note = May be isotope F+6 or F+10
13

note = May be isotope A+l or A+4
1..14

mol type protein

organism = synthetic construct

moltype = AA length = 18
Location/Qualifiers

1..18

note = Synthetic polypeptide
1

note = D-Glutamic Acid

2

note = Igsotope G+2 or G+3
3

note = Igsotope V46

12

note = D-Serine

13

note = May be isotope A+1

(Dap)

17

22

32

11

14

L
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-continued

SITE 14

note = D-Arginine
MOD RES 14..15

note = Modified by 3-amino-3- (2-nitrophenyl)propionic acid
MOD RES 15

note = Modified by carboxyfluorescein
source 1..18

mol type = protein

organism = synthetic construct
SITE 4

note = D-Agparagine
SITE 6

note = D-Agparagine
SITE 5

note = D-Agpartic Acid
SITE 7

note = D-Glutamic Acid
SITE 8

note = D-Glutamic Acid

SEQUENCE: 37
EGVNDNEEGEF FSARKGGC

1-103. (canceled)

104. A composition comprising a plurality of 1sotope-
labeled molecules wherein each 1sotope-labeled molecule of
said plurality of 1sotope-labeled molecules comprises:

a) a carrier, and

b) a mass tag conjugated to said carrier via a cleavable
linker, wherein said cleavable linker 1s cleaved by a
disease-associated protease.

105. The composition of claim 104, wherein said mass tag
comprises an isobaric mass tag.

106. The composition of claim 104, wherein said mass tag
comprises a peptide mass tag.

107. The composition of claim 104, wherein said 1sotope-
labeled molecules are configured for use 1n mass spectroms-
ctry (MS).

108. The composition of claim 107, wherein said 1sotope-

labeled molecules are configured for use 1n liquid-chroma-
tography mass spectrometry (LC-MS).

109. The composition of claim 107, wherein said 1sotope-
labeled molecules are configured for use in tandem mass
spectrometry (MS/MS).

110. The composition of claim 104, wherein said disease-

associated protease 1s selected from the group consisting of
MMP2, MMP7, MMP9, MMP12, MMP14, tissue factor,
tactor Xa, cathepsin, and thrombin.

111. The composition of claim 104, wherein each 1sotope-
labeled molecules of said plurality of 1sotope-labeled mol-
ecules 1s the same.

18

112. The composition of claim 104, wherein said plurality
ol 1sotope-labeled molecules comprises at least 6 difierent

mass tag-conjugated cleavable linkers.

113. The composition of claim 104, wherein said plurality
ol 1sotope-labeled molecules comprises at least 10 different
mass tag-conjugated cleavable linkers.

114. The composition of claim 104, wherein said plurality
ol 1sotope-labeled molecules comprises at least 20 different

mass tag-conjugated cleavable linkers.

115. The composition of claim 104, wherein said cleavage
OCCUrs 1n vivo.

116. The composition of claim 104, wherein said cleavage
occurs 1n vitro.

117. The composition of claim 104, wherein said cleavage
OCCUrs €X VIVO.

118. The composition of claim 104, wherein said carrier
comprises a particle.

119. The composition of claim 118, wherein said particle
comprises a microparticle or a nanoparticle.

120. The composition of claim 104, wherein said carrier
further comprises a binding agent.

121. The composition of claim 120, wherein said binding
agent 1s selected from a group consisting of an antibody, an
antibody fragment, an aptamer, and an adnectin.

122. The composition of claim 104, wherein said cleav-
able linker comprises a peptide.

123. The composition of claim 104, wherein each 1sotope-
labeled molecule of said plurality of 1sotope-labeled mol-
ecules further comprises a reactive chemical moiety.

G o e = x
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