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NOVEL STRATEGY ENABLED BY A
PHOTO-CLEAVABLE SURFACTANT FOR
EXTRACELLULAR VESICLE PROTEOMICS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of priority to
U.S. Provisional Patent Application No. 63/274,851, filed
Nov. 2, 2021, which is specifically incorporated by refer-
ence to the extent not inconsistent herewith.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support
under GM117058 awarded by the National Institutes of
Health. The government has certain rights in the invention.

BACKGROUND OF THE INVENTION

[0003] Extracellular vesicles (EVs) are nano-sized lipid
bound vesicles released from all cells and accessible in
most bodily fluids, carry nucleic acid, protein, lipid, and
metabolite cargo to facilitate intercellular signaling. EVs
are increasingly recognized to have great potential for the
development of non-invasive markers for early detection
and diagnosis of diseases and monitoring therapy treat-
ments. In particular, exosomes are a type of small EVs
(between 30 and 150 nm in diameter) containing nucleic
acids, lipids, and proteins that are implicated in tumorigen-
esis, metastasis, and cardiac regeneration, serving as poten-
tially useful biomarkers from fluids or vehicles for drug
delivery. The proteomic contents of these vesicles have
potential for detection and as therapeutics for pathologies
such as cancer and cardiovascular disease.

[0004] Mass spectrometry (MS)-based proteomics repre-
sents a powerful tool for detecting potential proteomic bio-
markers and other molecules in exosomes and other types of
EVs. Recently, global bottom-up MS-based proteomics has
been used to profile exosome and other EV cargo for diag-
nostic purposes. However, current protocols for sample pre-
paration and MS analysis of EV/exosome proteomics are
limited by ineffective protein extraction, lengthy digestion
times, use of MS incompatible reagents, and lack of analy-
tical sensitivity. Traditional bottom-up sample preparation
results in poor proteome coverage and though more sensi-
tive methods for exosome sample preparation have been
developed, these methods are laborious and rely on lengthy
or multiple digestions, cleanup steps or offline multidimen-
sional separations, which limit sample throughput.

[0005] Accordingly, what are needed are methods and
compounds for the improved MS analysis of EVs and exo-
some proteomics, including methods and compounds able to
provide quantitative and highly reproducible exosome pro-
teomic analysis. Preferably, the methods and compounds
would be able to facilitate high-throughput digestion with
minimal sample cleanup and would be compatible with
both top-down and bottom-up proteomics.

SUMMARY OF THE INVENTION

[0006] To address these challenges, the present invention
provides novel, high-throughput strategies for analysis of
lipid vesicles, including but not limited to exosomes and

May 4, 2023

other types of extracellular vesicles, using photo-cleavable
surfactants. Preferably, the photo-cleavable surfactants are
stable under acidic conditions, but can be cleaved and
degraded upon irradiation with light, especially ultraviolet
(UV) radiation, before mass spectrometry (MS) analysis.
[0007] In an embodiment, the photo-cleavable surfactants
of the present invention are provided in a method for analyz-
ing lipid vesicles comprising the steps of:

[0008] a) contacting one or more lipid vesicles or a mix-
ture of compounds obtained from within one or more
lipid vesicles with a photo-cleavable surfactant in a
solution until the one or more lipid vesicles or mixture
of compounds is dissolved in the solution, wherein the
photo-cleavable surfactant comprises: 1) a hydrophilic
head, ii) a hydrophobic tail, and iii) a photo-cleavable
moiety covalently linking the hydrophilic head and
hydrophobic tail; and

[0009] b) exposing the solution containing the photo-
cleavable surfactant and dissolved one or more lipid
vesicles or mixture of compounds to electromagnetic
radiation, thereby decomposing the photo-cleavable
moiety and generating an irradiated solution containing
the one or more lipid vesicles or mixture of compounds.

[0010] As used herein, a “lipid vesicle” refers to a struc-
ture within or outside a cell, containing a liquid or cyto-
plasm enclosed by a lipid bilayer. In an embodiment, the
lipid vesicles are one or more extracellular vesicles obtained
from one or more cells or samples from a subject. Examples
of suitable extracellular vesicles able to be analyzed using
the present invention include but are not limited to exo-
somes, ectosomes, oncosomes, microvesicles (MVs), and
apoptotic bodies. Preferably, the lipid vesicles are one or
more exosomes obtained from one or more cells or samples
from a subject. Suitable samples include, but are not limited
to, cells, tissues, and biofluids. In an embodiment, the lipid
vesicles are one or more liposomes. In an embodiment, the
lipid vesicles have an average diameter between 10 and
1,000 nm, preferably between 20 and 500 nm, or preferably
between 30 and 150 nm.

[0011] Preferably, the method further comprises perform-
ing mass spectrometry (MS) analysis on a portion of the
irradiated solution containing the one or more lipid vesicles
or mixture of compounds. Optionally, the MS analysis com-
prises tandem mass spectrometry and/or liquid chromato-
graphy-mass spectrometry. In an embodiment, after dissol-
ving the one or more lipid vesicles or mixture of compounds
in the solution containing the photo-cleavable surfactant, a
separation step (including but not limited to chromatogra-
phy) is performed on the solution in order to purify or sepa-
rate the components in the solution. In an embodiment, the
solution which contains the photo-cleavable surfactant and
the dissolved one or more lipid vesicles or mixture of com-
pounds is exposed to the electromagnetic radiation before
injecting or spraying the dissolved compound into the
mass spectrometer. Optionally, the photodegradation caused
by exposure to electromagnetic radiation occurs after chro-
matography separation and before spraying into the mass
spectrometer, as the experiments happen in real time.
[0012] In an embodiment, the solution which contains the
photo-cleavable surfactant and the dissolved one or more
lipid vesicles or mixture of compounds is exposed to the
electromagnetic radiation within the mass spectrometer
device after the solution has been injected or sprayed into
the mass spectrometer. For example, in an embodiment
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photodegredation of the photo-cleavable surfactant occurs
within the mass spectrometer during ultraviolet photo-disso-
ciation (UVPD) (see Brodbelt et al., 2014, Chem. Soc. Rev.,
43(8): 2757-2783). However, it should be noted that the
mass spectrometer device may irradiate the solution with
other forms of electromagnetic radiation.

[0013] In an embodiment, the method further comprises
obtaining the one or more lipid vesicles from one or more
cells or samples of at least one subject. Preferably, the cells,
samples are involved in one or more diseases or cellular
mechanisms of interest, including but not limited to tumor-
igenesis, metastasis, cardiac regeneration, necroptosis or
apoptosis. Optionally, the method further comprises lysing
the one or more lipid vesicles to generate the mixture of
compounds. In an embodiment, the mixture of compounds
comprises nucleic acids, lipids, saccharides, proteins, pro-
tein fragments, and combinations thereof. Preferably, the
mixture of compounds comprises one or more proteins or
protein fragments. In an embodiment, the proteins are part
of pathways involved with tumorigenesis, metastasis, car-
diac regeneration, necroptosis or apoptosis.

[0014] Inanembodiment, suitable photo-labile surfactants
may be generated by inserting a photo-cleavable moiety in
between the hydrophilic head and hydrophobic tail. Prefer-
ably, O-nitrobenzyl (ONB), O-nitroveratryl (ONV), and
azobenzene (AZO) groups are chosen as the photo-cleava-
ble moieties.

[0015] In an embodiment, the photo-cleavable surfactant
has the formula:

2

where n is an integer selected from 2 to 30 and R is any
atom or molecule able to form a cation in solution. Prefer-
ably, nis an integer selected from 2 to 20, an integer selected
from 4 to 15, or an integer selected from 6 to 12. Preferably,
nis 6, 8, 10 or 12. Preferably, R is calcium, sodium, potas-
sium, hydrogen, or combinations thereof.

[0016] In a further embodiment, the photo-cleavable anio-
nic surfactant comprises 4-hexylphenylazosulfonate (also
referred to herein as “Azo”), which can be rapidly degraded
upon UV irradiation. Azo can effectively solubilize proteins,
and after solubilization, a sample to be analyzed using mass
spectrometry is exposed to UV radiation, which decomposes
the Azo prior to entering the mass spectrometer. It is
believed this invention is the first application of a photoclea-
vable surfactant (Azo) for extracellular vesicle analysis and
exosome proteomics. Optionally, the photo-cleavable sur-
factant is sodium 4-hexylphenylazosulfonate.

[0017] In an embodiment, the Azo-enabled exosome pro-
teomics method is used for basic research seeking to under-
stand the role of exosomes in diseases, including but not
limited to cancer, cardiovascular diseases, and vascular dis-
eases, as well as for the detection and discovery of biomar-
kers. Given the emerging role of exosomes for disease diag-
nosis, an embodiment of the present method would have
clinical applications.

[0018] The use of the Azo surfactant enables global pro-
tein extraction, rapid digestion, and minimal sample clean-
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up for high-throughput proteomics of exosomes. The
method greatly minimizes the time and labor required to
characterize proteins and other molecules in exosomes,
which are increasingly recognized in their role in tumori-
genesis, metastasis, and cardiac regeneration. Exosomes
can serve as potentially useful biomarkers from fluids or
vehicles for drug delivery, thus methods improving the char-
acterization of exosome proteins is highly advantageous.
[0019] Inan embodiment, the present invention provides a
dedicated protocol for exosome lysis and protein extraction
combined with trapped ion mobility (TIMS)-LC-MS/MS
analysis separation for a rapid, sensitive, and quantitative
approach to exosome proteomics. This embodiment pro-
vides a means for studying protein expression differences
between exosomes obtained from two different populations
or sources, such as between exosomes obtained from a nor-
mal (i.e., wild type) source and an altered (i.e., knockout)
source.

[0020] Preferably, the electromagnetic radiation used to
decompose the photo-cleavable moiety is ultraviolet (UV)
light. Preferably, the photo-cleavable moiety releases the
hydrophilic head, releases the hydrophobic tail, or degrades
under light having a wavelength between 150-450 nm,
between 200-400 nm, between 250-350 nm, or between
280-300 nm. In an embodiment, the solution containing
the photo-cleavable surfactant and dissolved one or more
exosomes or mixture of compounds is exposed to the elec-
tromagnetic radiation for a time period between 10 and

500 seconds, preferably between 15 and 400 seconds,
between 20 and 300 seconds, between 25 and 200 seconds,
or between 30 and 150 seconds.

[0021] Preferably, the photo-cleavable surfactant is stable
at any pH, but is especially functional at a pH range that is
not operable for other existing surfactants, such as acid
labile surfactants. In an embodiment, the photo-cleavable
surfactant is able to remain stable at a pH of 4 or lower, at
apH of 3 or lower, at a pH of or lower 2, or ata pH of 1 or
lower. Conventional acid labile surfactants typically hydro-
lyze at a pH of approximately 2-3. In an embodiment, the
photo-cleavable surfactants of the present invention, such as
the Azo surfactant, are stable at any pH and photo degrada-
tion is optimal at low pH (~2) with an organic solvent.
Under aqueous conditions, pH has little or no effect on the
surfactant. This makes surfactants of the present invention
well suited for both offline and online LC/MS analysis of
proteins, which commonly utilize acid in the electrospray
solution and mobile phases. Moreover, many proteins and
other molecules need to be extracted under acidic condi-
tions, which renders conventional rapidly acid-labile surfac-
tants ineffective.

[0022] The solution comprises an organic solvent, aqu-
eous solvent, or combinations thereof. Optionally, the solu-
tion also comprises 10% or less of an acid or reducing agent.
Alternatively, the solution does not contain any additional
acids or reducing agents. The solution also comprises 1%
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or less of the photo-cleavable surfactant, preferably 0.5% or
less of the photo-cleavable surfactant, preferably 0.1% or
less of the photo-cleavable surfactant. In an embodiment,
the solution comprises water, acetonitrile, isopropanol, or
combinations thereof. In an embodiment, the solution com-
prises 70% or less of an organic solvent, 5% or less of an
acid, and 0.1% or less of the photo-cleavable surfactant.
[0023] While aspects of the present invention provide
improvements over surfactants and methods used in con-
junction with top-down proteomics, it should be noted the
present invention is useful for bottom-up proteomics as
well. In bottom-up proteomics, proteins are solubilized and
digested into smaller polypeptides, and the mixtures of poly-
peptides are analyzed together. The present methods and
surfactants can be utilized to improve solubility of proteins
and facilitate the extraction of proteins from exosomes for
both top-down proteomics and bottom-up proteomics.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] FIG. 1: Schematic representation of Azo-based
exosome proteomics method in an embodiment of the
invention. Exosomes are lysed and proteins extracted in
0.1% Azo. Proteins are reduced and alkylated simulta-
neously using TCEP and chloroacetamide, followed by
Azo-aided rapid trypsin digestion (1 h). Resulting peptides
are irradiated with a high-powered UV lamp for 5 min to
degrade Azo, then samples are centrifuged and desalted
before LC-TIMS-MS/MS analysis. The resulting data are
searched with MSFragger and further analyzed using
Perseus.

[0025] FIG. 2: Assessment of exosome isolation, method
efficacy, reproducibility, and quantitation in three mammary
fibroblast exosome samples. Panel A) Nanoparticle tracking
analysis (NTA) results show a particle size distribution char-
acteristic of exosome samples, with a Dv50 of 136 nm.
Panel B) Bar graph showing protein groups identified with
at least one unique peptide spectral match (PSM) and quan-
tified in at least two samples. From all samples combined,
3,466 protein groups were identified and of those 2,288
were quantified in two of the three extractions. Panel C)
Venn diagram showing 1,967 identified protein groups com-
mon to all three samples and 2,912 in at least two. Panel D)
Representative scatter plot with associated Pearson correla-
tion coefficient (PCC) depicting a pairwise relationship
between log, transformed LFQ intensities of samples 2
and 3.

[0026] FIG. 3: Schematic representation of a one-pot sam-
ple preparation for a photocleavable surfactant, Azo-
enabled exosome proteomics method. Exosomes are first
treated with 0.1% Azo then placed on a thermomixer for
10 min at 37° C. to allow for protein extraction. This is fol-
lowed by 10 min incubation in a bath sonicator to effectively
lyse exosomal membranes. Next, samples are treated with
TCEP and CAA for simultaneous reduction and alkylation,
while incubating in a 37° C. water bath prior to trypsin
digestion (lh). Afterward, the surfactant is degraded by
UV and sample cleanup proceeds following centrifugation.
[0027] FIG. 4: Box and whisker plots showing ranges of
log, normalized LFQ intensities, derived from median
values from injection replicates three samples. Outliers are
omitted and an exclusive median is used to calculate the
ranges shown.
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[0028] FIG. 5: Histogram showing normally-distributed
counts of log, transformed LFQ intensities for median
values taken from injection replicates for the three samples.
Results demonstrate reproducible quantification.

[0029] FIG. 6: Bar graph showing the number of unique
peptide spectral matches (PSMs) identified in each sample
(green) and the number of PSMs with valid LFQ intensities
(purple) in two of three samples. For each sample, LFQ
intensities were log, transformed and the median intensity
for each PSM across injection replicates was used.

[0030] FIG. 7: Representative injection replicates showing
reproducibility of analysis. Panel A) Scatter plots compar-
ing LC injection replicates for sample 3 to each other, with
corresponding PCCs. Panel B) Overlaid total ion chromato-
gram (TIC) traces from injection replicates of sample 3.
[0031] FIG. 8: Exosome proteomics results enabled by the
Azo surfactant in an experiment. Panel A) Venn diagram
showing the overlap between proteins identified from mam-
mary fibroblast (MF) exosome samples (3466), ExoCarta
(5324), and Vesiclepedia (13186). Panel B) Table showing
classical, quantitative, and negative exosomal protein mar-
kers, color-scaled to overall range of observed LFQ intensi-
ties of the proteins in MF exosome samples. Panel C) Gene
ontology results from STRING PPI analysis, shown
grouped by cellular component, molecular function, and
biological process, with corresponding -log;o normalized
false-discovery rates and the ratio of counts in the network
to expected counts. Panel D) Zoom-in of STRING PPI net-
work. Clusters show (left to right) aminoacyl-tRNA synthe-
tases, spliceosome proteins, and a group of actin-related
proteins.

[0032] FIG. 9: ExoCarta top 100 list, which collects most
frequently identified protein markers in exosomes. Markers
are color-scaled to the overall range of observed LFQ inten-
sities in the mammary fibroblast exosome samples. High
abundance of these markers shows agreement with previous
exosome studies.

[0033] FIG. 10: Heat map of proteins not annotated in
ExoCarta or Vesiclepedia but identified in mammary fibro-
blast exosome samples. Markers are color-scaled to the
overall range of observed LFQ intensities.

[0034] FIG. 11: Results from GO analysis of the top
2000 protein groups by LFQ intensity, showing terms for
cellular component (red), molecular function (orange), and
biological process (grey) with associated -logio(FDR)
values and ratios of gene counts in network to background
genes for the top ten highest -loglO(FDR) terms in each
category.

[0035] FIG. 12: GO analysis from STRING network of
proteins identified in the mammary fibroblast-derived exo-
somes samples using the method which were not found in
ExoCarta or Vesiclepedia databases. Plot shows top three
GO cellular component, molecular function, and biological
process terms by their -log;, (FDR) and the ratio of
observed to background genes in the network. Of the
300 proteins identified in this study which are not annotated
in either database, primary categories included ATP
synthase subunits, tRNA ligases, and histones.

[0036] FIG. 13: Necroptotic cells release extracellular
vesicles. Panel A) shows a representative scatter plot of
Ripk3+/+ or Ripk3-/- MEFs treated with DMSO or TSZ
where cell death is analyzed by flow cytometry. Panel B)
presents representative traces of SEVs isolated from
DMSO or TSZ treated Ripk3+/+ or Ripk3-/- MEFs isolated
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by ultracentrifugation and analyzed by NTA. Panel C)
shows representative TEM images of SEV samples from
Ripk3+/+ DMSO or TSZ treated MEFs fixed on carbon
sputtered grids and labeled with uranyl acetate (scale
bars=100 um). Panels D, E) shows plots of particle size
and number from NTA data, respectively.

[0037] FIG. 14: Mass spectrometry analysis of NEEs.
Panel A) shows a schematic representation of mass-spectro-
metry workflow in an embodiment of the present invention.
Panels B, C) provide GO analysis performed using MF, BP,
CC, KEGG and REAC databases. The cutoff for selected
pathways is depicted in panel (B) and the pathways are
represented in panel (C). In panel D), significantly enriched
proteins from NEEs compared with the top 100 proteins
available in the ExoCarta and Vesiclepedia databases and
overlapping proteins are depicted in the Venn diagram.
[0038] FIG. 15: NEEs are associated with RIPK3 and
MLKL. SEVs are isolated from MEFs treated with DMSO
or TSZ and analyzed by mass spectrometry. Panel A) pre-
sents an interactome generated from STRING analysis per-
formed to ascertain known interactions in significantly
enriched proteins in NEEs. Panel B) depicts a Venn diagram
of significantly enriched proteins in SEVs isolated from
treated and untreated cells. Panel C) depicts proteins perti-
nent to necroptosis and SEV biogenesis or function.

[0039] FIG. 16: RIPK3 is a luminal cargo protein in SEVs
identifiable in diverse sources. Panel (A) shows Ripk3+/+
and Ripk3-/- treated with DMSO and TSZ. SEVs were iso-
lated from cell culture and the cellular (top) and SEV frac-
tions (bottom) were analyzed by western blotting. Panel (B)
shows HT29 cells treated with DMSO, TSZ, TS or T as
indicated. Whole cell extracts (top) and SEVs isolated
from conditioned media (bottom) were analyzed via Wes-
tern blotting. Panel C) shows SEVs isolated from Ripk3
+/+ and Ripk3-/- mouse plasma and analyzed by western
blotting for indicated proteins. Ponsceau S staining is used
to ensure equal protein amounts. Panel D) shows SEVs from
human plasma isolated and analyzed by western blotting.
HT29 cells and 293T cells are used as positive and negative
controls. Ponsceau S staining is used to ensure equal protein
amounts. Panel E) shows SEVs derived from TSZ treated
Ripk3+/+ MEFs treated with proteinase K along with indi-
cated reagents (see methods section in corresponding exam-
ples) and analyzed by western blotting. CD63 is used as a
non-liminal (transmembrane) protein control whereas
GAPDH is used as a luminal protein control.

[0040] FIG. 17: RIPK3 packaging coincides with its pro-
necrotic phosphorylation and dependent on MLKL. Panel
A) shows Ripk3+/+ and Ripk3-/- treated with DMSO and
TSZ for indicated times. SEVs are isolated and Western
blotting is performed on the whole cell lysate (WCL, left)
and SEVs (right). Panel B) shows Ripk3+/+ MEFs pre-
treated with DMSO or Necls and subsequently by DMSO
or TSZ. SEVs are isolated using ultracentrifugation. Wes-
tern blotting is performed on WCL (up) and SEVs
(below). Panel C) shows siRNA mediated knockdown per-
formed on MEFs for Control of MLKL. Necroptosis was
induced using TSZ and SEVs are isolated. Western blot ana-
lysis is performed on WCL (up) and SEVs (below).

[0041] FIG. 18: Necroptotic EVs and RIPK3 secretion are
independent of Rab27a and b. Panel A) shows that no sig-
nificant differences in cell death in Rab27WT and
Rab27DKO MEFs were observed in response to TSZ treat-
ment. As shown in panel B), SEVs from these cells were
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isolated and subjected them to NTA analysis for SEV con-
centration and size. As expected, SEVs derived from
Rab27DKO MEFs showed reduced SEV numbers when
compared with WT cells (shown in panel C)). As shown in
panel D), no size differences were observed among
Rab27DKO and WT groups regardless of the treatment.
Western blot analysis was then performed on the WCL and
SEVs and found that although RIPK3 in SEVs is attenuated
when derived from Rab27DKO relative to Rab27WT,
RIPK3 levels remained unchanged between SEVs derived
from Rab27WT and Rab27DKO cells treated with TSZ
(shown in panel E)).

[0042] FIG. 19: Results of NanoSight nanoparticle track-
ing analysis for determination of vesicle size and concentra-
tion in exosomes obtained from a wild-type sample (top)
and an alpha-5 integrin knockdown sample (bottom).
[0043] FIG. 20: Panel A) shows absolute numbers of
unique protein identifications from several extraction condi-
tions: 0.1% Azo surfactant wild-type (WT) mammary fibro-
blast exosomes, 0.5% Azo extracted WT exosomes, 0.1%
Azo extracted alpha-5 integrin knockdown exosomes, and
WT exosome proteins extracted from urea in-solution
digests. Bars on the left side of each pair show unprocessed
identifications, while bars on the right side of each pair show
number of identifications after filtering for valid LFQ inten-
sities in multiple replicates. The optimal concentration of
Azo surfactant was determined to be 0.1%. Panel B)
shows absolute numbers of unique peptide identifications
corresponding to the extraction groups from panel A).
[0044] FIG. 21: Panel A) shows Pearson correlation coef-
ficients of wild type (WT) and knockdown (KD) samples,
showing strong association across replicates. Panel B)
shows proteins identified in injection replicates of WT sam-
ples, showing high overlap. Panel C) shows the proteins
identified in technical replicates of knockdown samples.
Panel D) shows total ion chromatogram of three injection
replicates of WT samples, demonstrating reproducible
analysis.

[0045] FIG. 22: Overlap between WT sample and all
human proteins identified by MS in ExoCarta (left), an exo-
some-specific database. The table (right) shows nine of the
top 100 most commonly identified exosome proteins from
ExoCarta and their associated Log, normalized LFQ inten-
sities, showing they were highly abundant.

[0046] FIG. 23: A volcano plot showing significance of
log fold changes in protein expression between WT and
ITGAS-KD exosomes. The corresponding table shows a
selection of highly differentially-expressed proteins with
associated -log(P) values showing significance.

[0047] FIG. 24: STRING analysis of significant differen-
tially expressed proteins from the wild type exosome sam-
ple. FDR stringency was set to one percent, and minimum
interaction confidence required to assign an association was
set to 0.95. Interactions included several ribosomal proteins
(large cluster), tRNA synthetases, vesicular proteins, protea-
somal proteins, and integrins/other proteins in the EGF sig-
naling pathway.

DETAILED DESCRIPTION OF THE INVENTION

[0048] The present invention describes a novel method for
characterizing the biomolecule content of exosomes and
other lipid vesicles. In particular embodiments, the present
invention provides a method for characterizing the protein
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content of exosomes which achieves reproducible, deep
coverage of the proteome. Use of photocleavable surfac-
tants, such as 4-hexylphenylazosulfonate (Azo), enables
greater sensitivity of exosome peptide and other biomole-
cule analysis in a shorter timeframe than conventional meth-
ods. In general, these methods show promise for application
to the study of exosomes obtained from cells and other
means, such as from biofluids.

EXAMPLES

Example 1 - One-Pot Exosome Proteomics Enabled
by a Photocleavable Surfactant

[0049] Exosomes are nano-sized extracellular vesicles
(EVs) of endosomal origin ranging between 30 and
150 nm in diameter and package biomolecular markers
reflecting the cells that secrete them.! The exchange of exo-
somal protein, nucleic acid, metabolite cargoes via exosome
binding and uptake represents an increasingly recognized
mechanism of intercellular communication.?-3 Recently,
exosome-mediated communication has attracted significant
attention for its involvement in diseases such as cancer, car-
diovascular dysfunction, and neurodegeneration.*> Since
exosomes are secreted by all cells and are present in all bio-
logical fluids, they represent attractive targets as minimally-
invasive liquid biopsies to diagnose disease, understand dis-
ease progression, and serve as therapeutic drug delivery
vehicles.3:6 Hence, it is important to develop robust techni-
ques for the rapid and reproducible analysis of the biomole-
cules in exosomes.

[0050] Mass spectrometry (MS)-based proteomics is one
of the most promising techniques for the global identifica-
tion and quantification of proteins,”-® and has recently been
employed to characterize exosomal protein cargoes.l.9-14
Typically, bottom-up proteomic methods are used in these
MS-based analyses of EVs, but the sample preparation typi-
cally involves the use of MS-incompatible detergents for
protein extraction, overnight and/or multiple enzymatic
digestions, and lengthy multidimensional chromatographic
separations.12-14 The elongated experimental time and com-
plexity required to improve exosomal proteome coverage in
these previously established methods significantly reduce
the throughput and reproducibility, limiting the potential of
MS-based proteomic analysis of exosomes in translational
and clinical applications.

[0051] To overcome these limitations, a new method was
developed for exosome proteomics with a one-pot prepara-
tion of exosomes using a photocleavable surfactant, Azo!3,
to simplify protein extraction and expedite digestion (see
FIG. 1). Azo has been previously shown to be comparable
to SDS for complete cell lysis and global protein solubiliza-
tion. 16 Azo is capable of extracting those extremely difficult
to be solubilized proteins which cannot be completely solu-
bilized in chaotropic agents such as urea, making it suitable
to the task of exosomal lysis and protein extraction.15-17
[0052] After Azo-assisted digestion and surfactant photo-
degradation, the peptides are analyzed using trapped ion
mobility spectrometry (TIMS)-quadrupole time-of-flight
mass spectrometer (Bruker timsTOF Pro) with parallel
accumulation-serial fragmentation (PASEF)18 for improved
sensitivity and coverage. Azo promotes protein solubiliza-
tion including both membrane and extracellular matrix pro-
teins, enables rapid digestion, and yields reproducible pro-
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tein identification and quantitation.!5-17 Here, it is shown
that Azo can be used to simultaneously lyse and extract pro-
teins from exosome samples and then assist rapid trypsin
digestion. Using this Azo-enabled method, exosome extrac-
tion and sample preparation require only ~2.5 h, compared
to traditional methods employing overnight digestion and/or
lengthy prefractionation that may take 16 to 24 h total.12-14
Subsequent LC-TIMS-MS/MS analysis enhanced by
PASEF improves sensitivity without increasing analysis
time, obviating the need for multidimensional L.C or pre-
fractionation, and increasing the total number of proteins
identified in the extraction.1® This method has been applied
to analyze mammary fibroblast-derived exosomes, a sub-
type which contributes to the pool of breast tumor exosomes
which have previously shown involvement in breast cancer
metastatic niche formation and growth.!! This one-pot,
photocleavable surfactant-assisted sample preparation is
simple, rapid, and yields deep exosomal proteome coverage.
[0053] Sample preparation and data acquisition. Exo-
somes were isolated from mammary fibroblasts by differen-
tial ultracentrifugation2® and characterized by nanoparticle
tracking analysis (NTA) with a Dv50 median particle dia-
meter of 136 nm (50% of the sample exosomes by volume
were below 136 nm in diameter) (FIG. 2, panel A). This size
is consistent with the values of exosome and other small EV
hydrodynamic diameters, as reported previously.2! Exo-
some isolation methods vary across studies and offer differ-
ing balances between specificity, yield, and efficiency,
though ultracentrifugation is the most common.22 [solated
exosomes were aliquoted to microcentrifuge tubes or one-
pot sample preparation (FIG. 3). Detailed sample prepara-
tion and data acquisition descriptions are provided further
below.

[0054] [Identification and label-free quantification (LFQ)
following MS analysis were carried out using MSFragger
(1% FDR) with IonQuant.23 Log, transformed protein
LFQ intensities from the three samples showed normally
distributed values that spanned similar ranges, suggesting
that the extractions were reproducible (FIGS. 4 and §).
[0055] A total of 3,466 unique protein groups were iden-
tified across all samples and quantified 2,288 unique protein
groups in at least two of three (FIG. 2, panel B). Disaggre-
gated unique protein group counts for each sample and the
corresponding number of quantified proteins match roughly
with the unique peptides identified (FIG. 2, panel B and
FIG. 6). For comparison, Rontogianni et al.12 used 8 M
urea to extract proteins for in-solution digestion and identi-
fied similar numbers (approximately 2,000 to 3,500) of pro-
tein groups in each of their ten cell lines, using 2 pg of pep-
tides compared to the 200 ng used for the present analyses.
Urea in-solution digestion is the most commonly used
method in preparing exosome samples for proteomic analy-
sis.11-12.14 However, these urea-based methods suffer from
possible protein carbamylation, require cleanup steps, and
are less effective at solubilizing highly hydrophobic mem-
brane proteins,2? which is critical for exosomal analysis. A
high degree of overlap in protein group identifications was
observed across the present samples, with 1,967 protein
groups being reliably identified in all three samples (FIG.
2, panel C).

[0056] To evaluate the quantitative reproducibility of this
method, pairwise comparisons of log, transformed LFQ
intensities for samples were plotted against each other as
scatter plots with associated Pearson correlation coefficients
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(PCCs).1824 The median LFQ intensity from injection repli-
cates was used from each sample for the downstream ana-
lyses. Representative injection replicates for sample 3
showed highly correlated data with an average PCC of r =
0.957, and the total ion chromatogram (TIC) of all three
replicates remains consistent in intensity throughout the
RPLC-MS analysis (FIG. 7). The scatter plots comparing
samples show high correlations with PCCs off r = 0.842, r
=0.882, and r = 0.967 with samples 2 and 3 compared in
FIG. 2, panel D.

[0057] To benchmark the performance of this Azo-
enabled method, all the identified protein groups from the
samples were compared to those reported in ExoCarta,?5 a
manually-curated online exosome database that collects pro-
teins and nucleic acids identified in previous exosome stu-
dies for researchers to use, and Vesiclepedia,2é which is
similar but includes results from broader categories of EVs
including microvesicles (FIG. 8). 3,166 (91%) protein
groups identified in this study from mammary fibroblast
exosome samples are annotated in the ExoCarta and Vesi-
clepedia databases (FIG. 8, panel A). Among them,
2390 protein groups are annotated in both ExoCarta and
Vesiclepedia databases, 32 annotated only in ExoCarta,
and 744 annotated only in Vesiclepedia. This demonstrates
the high quality of the exosome isolation and proteome cov-
erage, 45% overlap with ExoCarta in proteins (2,422) using
one cell line, despite the highly heterogeneous nature of
exosome content.% In addition, the present samples showed
generally high abundance based on normalized LFQ inten-
sity of proteins from the ExoCarta top 100 list that collects
the most frequently identified protein markers in exosomes
(FIG. 9).

[0058] A small percentage (<9%) of the proteins identified
in the Azo-extracted samples were not annotated in Exo-
Carta or Vesiclepedia. GO analysis of these proteins showed
they were largely composed of histone proteins, ATP
synthase subunits, and tRNA synthetases. Normalized
LFQ intensities of these 300 proteins show their overall
low abundance, especially compared to expected markers
from ExoCarta and other previous studies (FIGS. 9 and
10). Given the low abundances of these proteins, it i3 possi-
ble that they are uniquely present in mammary fibroblast
exosomes and have yet to be included in the database from
previous studies, or are from residual cellular remnants.
[0059] Exosomal protein markers were further investi-
gated by plotting the averaged, transformed LFQ intensities
of specifically identified characteristic exosome protein
markers (FIG. 8, panel B). A recent study of exosome het-
erogeneity showed the ubiquity of traditional! tetraspanin
markers (CD9, CD81, CD63) to be questionable and pro-
posed 22 quantitative high-abundance markers and 15 low-
abundance “exclusion” markers. Three representative pro-
teins were selected from each category of traditional, quan-
titative and exclusion markers to show their respective
enrichment or depletion in the samples. The LFQ intensities
for the exclusion markers in the samples fell below the
lower quartile for all replicates and near the upper quartile
for traditional and quantitative inclusion markers (FIG. 8,
panel B and FIG. 4). These numbers are shown in FIG. 8,
panel B with the color scaled to reflect the range of log, LFQ
intensities observed from the samples. The relative intensi-
ties of these specific positive and negative exosomal mar-
kers provide proteomic support for the purity of the exo-
some isolation.
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[0060] Using STRING?7 network analysis, the interac-
tions present in proteins identified from the samples were
then assessed. The quantified protein groups showing the
highest LFQ intensities across the replicates are shown in
a protein-protein interaction network that showed an enrich-
ment p-value of < 1.0 x 10-16 indicating a significant enrich-
ment. The resulting densely connected network contained
clusters of interactors with relevant functional roles in exo-
somes, including aminoacyl-tRNA synthetases,?8 splicing
factors and other spliceosome-associated proteins,? and
actin-related proteins 3. Specific proteins from these clus-
ters have been plotted independently in FIG. 8, panel D.
[0061] Further analysis was carried out using the built-in
GO capability of STRING to display terms pertaining to the
locations, processes, and functions of networked proteins
along with their associated FDRs and ratio of gene counts
in the network to expected counts (FIG. 8, panel D). The
most confidently assigned cellular components from the
GO analysis were all related to extracellular spaces or vesi-
cles (FIG. 11). Additional gene ontology (GO) analysis of
the proteins not currently annotated in either ExoCarta or
Vesiclepedia is shown in FIG. 12.

[0062] Thus, in summary, an Azo-enabled exosome pro-
teomics method was developed capable of one-pot exosome
lysis and protein extraction to allow high-throughput sample
processing and proteomic analysis. The use of Azo for
effective protein extraction and rapid digestion before MS
analysis expedites exosome sample preparation. Moreover,
the use of TIMS front-end separation and PASEF provides
high sensitivity MS/MS analysis for deep proteome cover-
age. Notably, 3,466 proteins were identified from mammary
fibroblast exosome samples and 2,288 proteins were reliably
quantified with high reproducibility. This one-pot Azo-
enabled exosome method is simple, rapid, and robust, mak-
ing it amenable for exosome proteomics in general. As a
result, this method enables studies of exosomal protein car-
goes to understand the role of exosomes in intercellular
communication and accelerate the use of exosomes in ther-
apeutic interventions and clinical diagnosis.
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Example 2 - Methods and Materials Used in Example
1

[0093] Materials. All reagents were purchased from Milli-
pore Sigma (St. Louis, MO, USA) and Fisher Scientific
(Fair Lawn, NJ, USA) unless noted otherwise. All solutions
were prepared with HPLC-grade water (Fisher Scientific).
Trypsin Gold was purchased from Promega (Madison, W1,
USA). Azo was synthesized in house as described
previously.!
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[0094] Exosome isolation. Cells were grown to 5 million
per plate and cultured in OptiMEM for 48 h, after which
conditioned media was collected. Media was centrifuged
(CRB Optima Ultracentrifuge, SW32-Ti Rotor) at 300 x g
for 10 min to pellet cells, then 2000 x g for 20 min and then
10,000 x g for 30 min to pellet microvesicles. Vivacell con-
centrators were washed with 70 mL deionized water at 1000
x g for 10 min, and 70 mL of the supernatant from the pre-
vious centrifugation was transferred to the filter. Concentra-
tors were centrifuged for 8 min at 1000 x g, the resulting
flow-through was discarded, and additional supernatant
was added to the concentrator. This process was repeated
until all of the supernatant was transferred to the concentra-
tor, and the final volume of concentrated material was
approximately 12 mL.

[0095] 12 mL of concentrated material was added to a 14
% 95 mm tube and spun at 100,000 x g at 4° C. for 4 h (CRB
Optima Ultracentrifuge, SW40 swinging rotor). The super-
natant was removed and resuspended in 3 mL PBS. This
resuspension was centrifuged at 100,000 x g at 4° C. for 2
h in new tubes, and the resulting supernatant was then dis-
carded. Pelleted exosomes were resuspended in 100 puLL. PBS
and flash-frozen in 10 pL aliquots in liquid nitrogen for sto-
rage at -80° C. One aliquot was reserved for the character-
ization of exosome concentration and diameter using nano-
particle tracking analysis (Particle Metrix Zetaview).
[0096] Sample preparation. Exosome aliquots were
thawed and dissolved in 0.1% working concentration of
Azo (4-hexylphenylazosulfonate), 25 mM ammonium
bicarbonate, and 1X HALT protease and phosphatase inhi-
bitor cocktail. Aliquots were then placed on a thermoshaker
at 37° C. and 600 rpm for 10 min. Samples were placed in a
bath sonicator for 10 min and then normalization of protein
concentration was performed using the Bradford assay. For
reduction and alkylation of disulfide bonds, samples were
treated simultaneously with 25 mM TCEP and 50 mM
chloroacetamide (CAA)2 and incubated at 37° C. and
600 rpm on a thermoshaker for 30 min, after which they
were treated with 1| M ammonium bicarbonate to adjust
pH to the active range for digestion (~8.5). Digestion was
performed by treating samples with a 50:1 (w/w) pro-
tein: trypsin ratio and incubating them for an hour on a ther-
moshaker at 37° C. and 600 rpm.

[0097] Trypsin digestion was quenched by the addition of
small volumes of neat formic acid to reduce sample pH to 2.
UV degradation of Azo was then performed using a high-
powered mercury lamp (Nikon housing with Nikon HB-
10101AF power supply; Nikon) to irradiate samples for
10 min, after which they were spun down at 21,000 x g for
15 min. To remove degradation products and other contam-
inating salts, 100 pL Pierce C18 tips were used according to
the manufacturer’s specifications, and the remaining pep-
tides were resuspended in 0.1% formic acid. Peptide con-
centrations were determined using absorption at 205 nm
from a NanoDrop, using the Scopes method to obtain the
extinction coefficient used in the calculations.?

[0098] Data Acquisition. A Bruker timsTOF Pro trapped
ion mobility Q-TOF instrument fitted with a captive-spray
nano-ESI source and coupled to a nanoElute nanoflow LC
was used for all analyses. In each analysis, 200 ng of pep-
tides from exosomal digests was injected onto a C18 column
(25 cm length, 75 pm inner diameter, 1.6 pm particle size,
120 A pore size; lonOpticks). Separations were carried out
at 55° C. using a stepwise gradient increasing from 2-85%
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of 0.1% formic acid in acetonitrile and decreasing percent of
0.1% formic acid in water.

[0099] To collect MS/MS spectra, the timsTOF Pro was
operated in positive mode using DDA-PASEF (data-depen-
dent acquisition parallel accumulation-serial fragmentation)
with 10 PASEF MS/MS scans collected over a charge range
of 0 to 5. Operating m/z was set between 100 and 1700 and a
1/ko range of 0.6 to 1.6 (V-s/cm?) was used with a polygonal
mobility filter to exclude singly charged ions. TIMS ramp
and accumulation times were set to maintain a 100% duty-
cycle, with a ramp time of 100 ms and an accumulation time
of 2 ms. Sample injection amounts were normalized by TIC
intensity to 200 ng injections of K562 whole-cell lysate.
[0100] Data Analysis. Identification and protein quantifi-
cation were performed using MSFragger with lonQuant.4.5
For MSFragger searches, precursor mass tolerance was set
to +/-20 ppm, and fragment mass tolerance was set to
20 ppm. A maximum of two missed trypsin cleavages
were specified and peptide mass was set between 500 and
8,000 Da. For quantitation, default parameters for lonQuant
within the FragPipe GUI were used, with match between
runs (MBR) enabled. Imported search results were further
analyzed in Perseus (ver. 1.1.15.0). After data were filtered
for contaminants, values were Log, transformed, and plots
were generated using the resulting LFQ intensities.
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Example 3 - RIPK3 Is a Luminal Protein in
Extracellular Vesicles That enhances Lysosomal
Exocytosis during Necroptosis

[0106] RIPK3 mediated necrosis—or necroptosis- is asso-
ciated with the release of biomolecules such as DNA, RNA,
metabolomes, and proteins, that play pathological and
homeostatic functions. One way in which biomolecules
may be released is in membrane-bound vesicles called
small extracellular vesicles (SEVs) which are under the
autonomic control of cells. Recently, necroptosis and EV
biogenesis machinery have been found to share a common
factor - mixed lineage kinase like (MLKL). While during
necroptosis, MLKL causes plasma membrane rupture
when phosphorylated by RIPK3, it has now been identified
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as a moonlighting protein involved in the biogenesis of
small and large EVs independent of necroptosis.

[0107] Despite this discovery, the mechanism behind
RIPK3-MLKL dependent EV biogenesis remains poorly
understood. To gain mechanistic insights into necroptosis
and EV biogenesis, mass spectrometry-based proteomics
was performed to identify the unique protein cargo found
in SEVs released during the induction of RIPK3-mediated
programmed necrosis. Using flow cytometry, it was found
that there is an overall increase in the number of vesicles
released by necroptotic cells and contain MLKL and
RIPK3, among other necroptosis cargo. Further, MEFs
from Rab27WT and Rab27DKO mice that have abrogated
SEV release were unable to rescue SEV release during
necroptosis. During necroptosis, SEVs are released via a
lysosomal route of exocytosis in a calcium-dependent man-
ner. The data suggests necroptosis is a special biological
situation in which cells switch to a lysosomal mode of exo-
cytosis and release RIPK3 carrying SEVs presumably as a
mechanism to limit the membrane damaging events during
necroptosis.

[0108] Activation of tumor necrosis factor receptors leads
to intracellular responses such as inflammation and cell-
death!. A dynamic balance of pro and anti-apoptotic factors
determines whether cells survive or die. The receptor inter-
acting protein kinase (RIP) family member RIPK1 plays a
crucial role in this initial decision making?2. Typically, ubi-
quitinated RIPK1 activates NF-kB and MAPK pathways
that result in inflammatory cytokine production3-*. In con-
trast, deubiquitination of RIPK1 enables it to interact with
apoptotic proteins such as caspase 8, leading to apoptotic
cell death which is marked by an organized disintegration
of cells56. However, another RIP family member RIPK3
can associate with RIPK1 when caspase 8 is absent or inhib-
ited and leads to the execution of a form of regulated necro-
sis called necroptosis?-8. The association of RIPK3 with
RIPK1 via RHIM-domain interaction and trans-autopho-
sphorylation events that follow lead to RIPK3 activation®.
Activated RIPK3 interacts with and phosphorylates a pseu-
dokinase MLKL which translocates to the plasma mem-
brane and ruptures it10-12,12,

[0109] Even though intracellular signaling determines
whether cells die by apoptosis or necroptosis, the latter is
largely incomplete without the mechanical lysis of the
plasma membrane. The dynamic process of exocytosis and
endocytosis, by repairing the damaged plasma membrane,
can alter the threshold at which cells can be defined as term-
inally necrotic!3- 16, Indeed, loss of MLKL can completely
rescue necrosis even upon sustained activation of upstream
signaling via RIPK1-RIPK3 by preventing lysis of the
plasma membrane!”. The delay in the lysis of the plasma
membrane during necroptosis is likely to minimize the
release of various intracellular molecules that can serve as
damage-associated molecular patterns (DAMPs) and cause
an inflammatory response!8.

[0110] Extracellular vesicles (EVs) are membrane-bound,
micron to submicron-sized vesicles that are released from
cells and have biological effects on their surroundings. A
subset of these vesicles, called small EVs (SEVs), encom-
passes 30-200 nm-sized vesicles!9-20 some of which are pro-
duced via the endocytic machinery. Additionally, when
these SEVs contain key cargo reflective of ongoing cellular
events and are produced via the ESCRT pathway, these may
be referred to as exosomes. The Rab family of proteins reg-
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ulates many steps that are essential in vesicular trafficking
such as formation, motility and fusion. These monomeric
GTPase proteins shuttle between a GTP-bound active and
GDP-bound inactive state. Specifically, Rab27A and
Rab27B are widely known to promote distinct steps of
SEV release from cells. New evidence also suggests that
other routes of SEV exocytosis may co-exist with Rab27-
mediated exocytosis. Other Rab proteins are essential for
the upstream steps of SEV biogenesis. Towards this, the
Rabll family of proteins including Rabl1A, Rabl1B and
Rab25 regulates many steps of MVB formation through
recycling endosomes, a subset of which are essential for
SEV formation. Curiously, the Rabl11 family is found to be
enriched in SEVs and has also been identified to interact
with RIPK3 during necroptosis.

[0111] Recent work has highlighted that dying cells may
generate extracellular vesicles such as exosomes that expel
cargo that may otherwise compromise cellular integrity and
may in turn serve as membrane-bound danger signals?!l. In
this regard, necroptotic cell death is intriguing as cells not
only generate extracellular vesicles during necroptosis but
the effector protein MLKL is fundamental to the biogenesis
of SEVs even in healthy cells!415. Independent groups have
demonstrated the role of MLKL in the endocytotic and exo-
cytotic mode of SEV biogenesis via the ESCRT complex. In
both these processes, RIPK3 regulates the flux of SEV
biogenesis.

[0112] The phosphorylation of MLKL by RIPK3 that
causes its translocation to the plasma membrane is asso-
ciated with the influx of calcium from the extracellular
environment within the cell’®. The phosphorylation of
MLKL is a non-committal step in necroptosis as various
“checkpoints” have been proposed which ensure that ade-
quate opportunities are available for cells to repair mem-
brane damage before necrosis?2. As such, cells adopt
numerous strategies to repair plasma membrane damage
such as that caused during necroptosis. The influx of cal-
cium from damaged plasma membrane is one such mechan-
ism that can facilitate plasma membrane repair through a
process called lysosomal exocytosis?3. During lysosomal
exocytosis, the fusion of the lysosomal membrane prevents
further damage to the plasma membrane and is a calcium-
dependent process. Ironically, MLKL appears to facilitate
plasma membrane repair via calcium influx but is immedi-
ately cleared out from cells through extrusion in EVs or by
internalization in lysosomes followed by its degradation!3.
Despite the key role of RIPK3 in phosphorylating MLKL,
its involvement in the process of SEV biogenesis remains
unknown.

[0113] Recently, mass spectrometry (MS)-based techni-
ques have been utilized to profile metabolites, cytokines
and proteins secreted from dying cells2126:27 including
those factors secreted in EVs. The simultaneous assessment
of post-translational modifications of proteins provides
additional mechanistic insights that may be hard to garner
from traditional assays.

[0114] The present examples assess the involvement of
RIPK3 in extracellular vesicle generation during necropto-
sis and discover various unique characteristics of these
necroptosis enhanced vesicles (NEEs). Using proteomics,
the present examples further identify that the necroptotic
components RIPK3 and MLKL are packaged inside these
NEEs and provide mechanistic insights on how cells



US 2023/0138788 Al

respond to necroptotic insult by adopting a lysosomal route
of vesicle release to expel RIPK3 and MLKL.

[0115] Extracellular Vesicles from Necroptotic cells are
associated with increased vesicle number. Mouse embryonic
fibroblasts (MEFs) derived from Ripk3+/+ or Ripk3-/- mice
were treated with DMSO or with TNFa in the presence of
Smac-mimetic and zVAD (hereafter referred to as TSZ)and
necroptosis was measured. As expected, TSZ caused signif-
icant necrosis was in Ripk3+/+ MEFs (FIG. 13, panel A).
Next, ultracentrifugation-based isolation was utilized to pur-
ify SEVs and characterized them using Nanoparticle Track-
ing Analysis (NTA) (FIG. 13, panel B) and transmission
electron microscopy (TEM) (FIG. 13, panel C). The vesicles
fit the size characteristics of small SEVs regardless of the
treatment used (FIG. 13, panel D) and are hereby referred
to as SEVs. Unexpectedly, necroptosis led to a dramatic
increase in SEV numbers that was absent in SEVs released
from Ripk3-/- MEFs stimulated with TSZ (FIG. 13, panel
E), a finding consistent with other reports!5.

[0116] Proteomic analysis of necrotic SEVs reveals
known and novel protein cargo. Whether necroptosis alters
protein cargos in SEVs is unknown. MS-based proteomics
were utilized to assess the protein cargo inside SEVs
released from health or necroptotic cells (FIG. 14, panel
A). SEVs released by necroptotic cells contained more vari-
eties of proteins than those released by healthy cells. In one
experiment, 806 unique protein identification were found in
the necroptotic cells, 10 unique proteins in the healthy, and
1062 shared. Next, various gene ontology enrichment ana-
lyses were performed on the protein cargo uniquely found in
the SEVs released from necrotic cells (FIG. 14, panel B).
Notably, it was found that these proteins had molecular
functions such as RNA binding and protein binder were
(FIG. 14, panel C). Proteins specifically found in the necro-
tic SEVs were involved in biological processes such as
intracellular transportation and cellular localization. The
necroptotic SEV-specific proteins were generally located in
the cytosol, cytoplasm, intracellular anatomical structure,
organelle, or vesicles, and analysis of their Reactome indi-
cated involvement with the metabolism of RNA, membrane
trafficking, and vesicle-mediated transportation. Overall, the
GO enrichment analysis provided further evidence of the
successful isolation and proteomic analysis of proteins
belonging to SEVs which enabled the identification of the
unique cargo belonging to necroptosis SEVs.

[0117] The protein cargo identified in the proteomic ana-
lysis were also compared with the top markers for SEV
cargo available in ExoCarta and Vesiclepedia. 65 small
SEV proteins were identified common among these and
necrotic SEVs providing an internal validation for the isola-
tion technique. In one experiment, approximately 1670 pro-
teins were also found that were unique to NEEs (FIG. 14,
panel D). Based on the characteristics of increased number
and unique cargo, the SEVs secreted under necroptosis were
termed as necroptosis enhanced SEVs (NEEs) to distinguish
them from other SEVs.

[0118] Necroptotic and lysosomal proteins are enriched in
NEEs. Next, it was asked whether the pathway enrichment
analysis is linked with a subset of proteins that share known
biological interactions. STRING analysis was performed on
the proteins found in NEEs which showed functional clus-
tering of proteins that belong to common biological path-
ways such as signaling, protein secretion and cell death
(FIG. 15, panel A). Further, NEEs shared 1062 proteins
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from the untreated condition but also contained 806 unique
proteins (FIG. 15, panel B). Among these, it was found that
numerous cell death proteins themselves enriched inside
NEEs (FIG. 15, panel C). Curiously, the necroptotic proteins
RIPK3 and MLKL were themselves enriches inside NEEs
and are absent from other non-necroptotic SEVs. The pre-
sence of MLKL and various ESCRT members such as
Vps25, Vps37, TSG-101 and Chmplbl specifically in
SEVs was reported by others and is also found in NEEs
suggesting common features associated with these necrop-
totic vesicles. To this end, the discovery of RIPK3 in NEEs
is novel.

[0119] RIPK3 is a luminal cargo protein in NEEs and is
present in diverse sources of SEVs. Next, western blot ana-
lysis was utilized for quantitative characterization of the
necroptosis-specific protein cargo found in NEEs. Ripk3
+/+ or Ripk3-/- MEFs were treated with DMSO or TSZ
and western blotting was performed on whole cell lysate
(WCL) and isolated SEVs. In agreement with mass spectro-
metry data, RIPK3 was specifically enriched in TSZ treated
Ripk3+/+ MEFs (FIG. 16, panel A). Notably, a small frac-
tion of RIPK3 was observed in SEVs isolated from DMSO-
treated cells. Next, HT-29 cells-a commonly used human
cell line in necroptosis assays— were utilized to test the
assay for necroptosis-specific RIPK3 incorporation in
SEVs in a cell line of human origin.

[0120] As expected, RIPK3 was specifically enriched in
SEVs from TSZ treated HT29 cells but not in TS or T trea-
ted cells alone (FIG. 16, panel B), indicating necroptosis-
specific RIPK3 incorporation in SEVs. SEVs from Ripk3
+/+ or Ripk3-/- mice and human plasma were also isolated
and characterized and found RIPK3 in SEVs (FIG. 16,
panels C, D). The sub-vesicular localization of RIPK3 and
utilized proteinase K protection assay, a commonly utilized
technique28, were then assayed for this. As controls,
GAPDH (a previously reported luminal SEV protein) and
CD63 (a transmembrane protein) (FIG. 16, panel E) were
used. As expected, RIPK3 was “protected” against Protei-
nase K-dependent proteolytic cleavage but was degraded in
the presence of Triton-X100 which disrupts the vesicles.
Since RIPK3 and MLKL were both found to be in NEEs,
it was asked whether calcium can also result in proteinase K
access to RIPK3. It was found that CaCl, led to a loss of
protection against proteinase K. Together, it was identified
that RIPK3 is found in the lumen of SEVs and is released in
response to calcium.

[0121] Necroptotic phosphorylation of RIPK3 is asso-
ciated with NEE incorporation and is dependent on
MLKL. RIPK3 is extensively regulated via key phosphory-
lation events and their impact on necroptosis regulation has
been well characterized. The commercially available RIPK3
phospho T231/ S232 antibody was first utilized to test the
correlation between RIPK3 phosphorylation and SEV incor-
poration. As expected, there is a time-dependent increase in
RIPK3 incorporation in SEVs that also correlated with its
phosphorylation; at 8h, a substantial fraction of RIPK3
was found in SEVs (FIG. 17, panel A). It was then observed
that inhibiting upstream activation of RIPK3 by Necls can
attenuate its SEV packaging and “locks” RIPK3 inside the
cells (FIG. 17, panel B). siRNA was then used against
MLKL to test whether RIPK3 incorporation inside SEVs
depends upon MLKL. It was observed that MLKL knock-
down, similar to Necls, prevents RIPK3 release inside
SEVs (FIG. 17, panel C); however, it is unclear whether



US 2023/0138788 Al

this decrease is due to MLKL’s role in SEV biogenesis or
cell-rupture.

[0122] NEE Release during necroptosis is independent of
Rab27A and Rab27B. The Rab27 family members
RAB27A and B are reported to be involved in exosome
release by fusion to the plasma membrane?®. It was tested
whether the release of RIPK3 in SEVs is dependent on
Rab27 and procured Rab27A and B double knock out
(Rab27DKO) mice. MEFs isolated from Rab27WT or
Rab27DKO mice were then subjected to DMSO or TSZ
treatment and analyzed cell death. No significant differences
in cell death in Rab27WT and Rab27DKO MEFs were
observed in response to TSZ treatment (FIG. 18, panel A).
Next, SEVs from these cells were isolated and subjected
them to NTA analysis (FIG. 18, panel B) for SEV concen-
tration and size. As expected, SEVs derived from
Rab27DKO MEFs showed reduced SEV numbers when
compared with WT cells (FIG. 18, panel C). Unexpectedly,
SEVs isolated from Rab27DKO TSZ treated cells bore no
difference in SEV numbers when compared to Rab27WT,
although both groups recapitulated an increase in SEV num-
ber in response to TSZ treatment. It was then tested whether
the loss of Rab27-dependent SEV regulation in TSZ treat-
ment was linked to an alteration in the type of small SEVs
produced and measured the size of these SEVs. As shown,
no size differences were observed among the Rab27DKO
and WT groups regardless of the treatment (FIG. 18, panel
D). Western blot analysis was then performed on the WCL
and SEVs and found that although RIPK3 in SEVs is atte-
nuated when derived from Rab27DKO relative to
Rab27WT, in agreement with the NTA data, RIPK3 levels
remained unchanged between SEVs derived from
Rab27WT and Rab27DKO cells treated with TSZ (FIG.
18, panel E).

[0123] Discussion. During necroptosis, an increase in the
production of EVs is known to occur!s. In contrast to an
artifact of cell-lysis typical of necrosis, SEV biogenesis dur-
ing necroptosis is a well-orchestrated process. Due to its link
to necroptosis, the discovery of MLKL in SEV biogenesis
partly describes the mechanism of production of these
necroptotic SEVs; however, MLKL can also regulate SEV
biogenesis in cells naturally lacking RIPK315 and indepen-
dent of necroptosis induction. In the current examples, it
was identified that RIPK3 might be more fundamentally
involved in the mechanism of generation of these necropto-
tic SEVs and may redirect the mode of SEV release through
MILKL-mediated calcium influx and activation of lysosomal
exocytosis.

[0124] In this example, it was demonstrated that SEVs
produced by necroptotic cells differ in their number and pro-
tein cargo but not in their mean size. Further, it was identi-
fied using mass spectrometry that these SEVs contain
RIPK3 and resemble MLKL carrying vesicles defined pre-
viously during necroptosis. To indicate their unique nature
such as increased number and cargo proteins, they are called
NEEs. Rather than an artifact of cellular debris, NEEs con-
tain RIPK3 (in addition to MLKL) in their lumen, which
may indicate the mechanism by which these SEVs are gen-
erated and their functional importance. Using SEVs derived
from Rab27WT Rab27DKO MEFs, it was observed that the
endosomal machinery, typically attenuated upon Rab27
loss, also abrogated baseline RIPK3 packaging inside
SEVs. In contrast, during necroptosis, the loss of Rab27
had no effect on the heightened RIPK3 packaging inside

May 4, 2023

SEVs, suggesting that RIPK3’s extrusion may occur via
two different modes depending on its phosphorylation.
Regardless, loss of MLKL rescues RIPK3 inside SEVs and
NEEs.
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Example 4 - Material and Methods Used in Example
3

[0155] Cell Culture. Mouse embryonic fibroblasts (MEFs)
were isolated from E12.5 littermate Ripk3+/+ or Ripk3-/-
mice. HT29 cells were obtained from American Type Cul-
ture Center. All cells were cultured in DMEM medium
(4.5 g/LL glucose) under 10% FBS and 1% penicillin-strep-
tomycin in a humidified chamber at 37° C. under 5% CO2.
Media was changed every 2-3 days and cells were passaged
using 0.05% trypsin. EV-depleted FBS (System Bios-
ciences) was used for cells whoseSEVs were used in
experiments.

[0156] Cell-Death Induction. For induction of necroptosis,
MEFs were pre-treated with 10 uM BV6 (Smac mimetic)
and 20 uM zVAD-fmk (hereafter zZVAD) for 1 hour. Recom-
binant mouse TNFa (50 ng/mL, R&D systems) was added
for 6 hours. HT29 cells were pre-treated with 10 uM BV6
and/or 20 uM zVAD for 1 hour. Recombinant human TNFa
(30 ng/mL) was added for 4 hours. Cell death was evaluated
using Annexin V/7-AAD (BD Biosciences) coupled with
flow-cytometry.

[0157] Extracellular Vesicle (EV) Isolation from Cells.
Differential centrifugation was also used for SEV isolation.
Briefly, conditioned media or plasma was spun at 800 g for
10 min to remove cells and large cell debris. The supernatant
was transferred and spun at 10,000xg for 30 min at 4° C.
The supernatant was carefully harvested and centrifugation
was performed at 100,000xg at 4° C. for 90 minutes. The
supernatant was discarded and the pellet was dissolved in
PBS. SEVs were isolated from human and mouse plasma
using ExoQuick Ultra (System Biosciences) according to
the manufacturer’s instructions. Differential centrifugation
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was also used for SEV isolation. Briefly, plasma was spun at
10,000xg for 1 hour at 4° C. The supernatant was carefully
harvested and centrifugation was performed at 100,000xg at
4° C. for 90 minutes. The supernatant was discarded and the
pellet was dissolved in PBS.

[0158] For size exclusion chromatography, qEVoriginal /
35 nm Gen 2 Column (IZON Science LTD, MA) were used
as per manufacturer’s instructions. Briefly, conditioned
media was pre-cleared using step-wise centrifugation
described above. An enrichment of EVs (along with any
putative protein contaminants) was performed using ultra-
centrifugation and resuspension in 500 uL. of PBS. Next,
to separate any putative protein contaminants from EVs,
size exclusion chromatography was performed. The fraction
corresponding to EVs (expected to be separated from pro-
tein contaminants) was collected in 1.5 mL. PBS. Because
the amount of EVs collected after SEC was low, a concen-
trating step was added and EVs were resuspended in a final
volume of 100 uL.

[0159] Extracellular Vesicle (EV) Isolation from Human
and Mouse Plasma. Mouse blood was collected from 8-12-
week-old mice via inferior vena cava (IVC) puncture and
supplemented with 3.2% sodium citrate as an anticoagulant
(9:1). Blood samples were centrifuged at 1,000xg for
10 minutes at 4° C. The supernatant was collected and
spun at 10,000xg for 20 minutes at 4° C. to remove residual
platelets. EVs were isolated from human and mouse plasma
using ExoQuick Ultra (System Biosciences) according to
manufacturer’s instructions. Prior to EV isolation from
plasma, plasma samples were treated with PureProteome
Albumin/IgG ~ Depletion kit  (Millipore  Sigma,
LSKMAGD12) according to manufacturer’s instructions.
Differential centrifugation was also used for EV isolation.
Briefly, plasma was spun at 10,000xg for 1 hour at 4° C.
The supernatant was carefully harvested and centrifugation
was performed at 100,000xg at 4° C. for 90 minutes. The
supernatant was discarded and the pellet was dissolved in
PBS.

[0160] Nanoparticle Tracking Analysis (NTA). The size
distribution and particle concentration of the isolated EVs
were measured using a Nanosight NS300 equipped with
Nanosight NTA 3.3 software and a 532 nm laser (Malvern
Instruments, UK). 3 videos of 60 s each were recorded for
all EV samples at camera level 15 and syringe pump speed
of 70. The analysis was done at 25 frames/sec with a detec-
tion threshold of 4. All samples were diluted to the appro-
priate concentration in PBS prior to measurement.

[0161] Mass Spectrometry. Isolate exosomes in 225 pL of
ammonium bicarbonate (ABC) pH 7were lysed with 25 pL.
of the solubilization buffer consisting of 0.5% 4-hexylphe-
nylazosulfonate (final surfactant concentration, 0.05%).
Samples were then reduced using 4 ul. of 100 mM TCEP
and alkylated with 4 pL of 500 mM 2-chloroacetamide solu-
tion and incubated at room temperature for 30 min. Proteins
were digested using 2 ul. of 0.3 pg/pL Trypsin solution and
incubated at 37 C for 1 h. The surfactant was degraded with
5 min of UV. 2 uLL of 10% TFA was added to samples, which
were then vortexed and centrifuged at 20,000 g for 2 min.
The surfactant was degraded with 5 min of UV irradiation
using a 100 W mercury lamp (Nikon housing with Nikon
HB-10101AF power supply; handle with caution). The sam-
ple was reconstituted in 25 pL. of mobile phase solvent A
(99.8% water and 0.2% formic acid). The peptide concen-
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tration was determined using NanoDrop operating at
280 nm.

[0162] Approximately 200 ng of peptide were loaded onto
an Ion Optics column (25 cm x 75 pm, C18 1.6 um) heated
to 55° C. The separation was performed using the following
gradient: 0-60 min 2-17% B, 60-90 min 17-25% B, 90-
100 min 37% B, 100-110 min 37-85% B, and 110-120 min
85% B using a flow rate of 400 nL./min and mobile phase B
consisting of 99.8% ACN and 0.2% formic acid. Eluting
peptides were directly ionized via electrospray ionization
(CaptiveSpray) using a capillary voltage of 1500 V, dry
gas of 3.0 I/min, and dry temp of 180° C. Ions measured
from 100-1700 m/z using a timsTOF Pro Q-TOF (Bruker
Daltonics) operating in PASEF mode (PMC6283298) with
an ion mobility range (1/k0) of 0.60 to 1.60 Vs/cm?2.

[0163] For tandem MS, the following parameters were
used: number of PASEF MS/MS scans (10); total cycle
time (1.16 s); target intensity (20000); intensity threshold
(2500); charge range (0-5); active exclusion on, release
after 0.4 min, reconsider if current intensity 4x previous;
isolation width (2 m/z for m/z < 700 and 3 m/z for m/z >
700); collisional energy (20-59 eV). The performance of the
instrument (as well as validation of the peptide loading
amount) was monitored periodically by running 200 ng of
standard K652 digestion (Promega). Data were processed
using MaxQuant V1.6.17.0 software (PMC7261821).
[0164] For searches, the reviewed Mus musculus (Mouse)
UniProt sequences were used (https: www<dot>uniprot<do-
t>org, Oct. 7, 2020) using a 1% false discovery rate. All
searches were performed with carbamidomethyl (C) has a
fixed modification and oxidation (M), protein N-terminal
acetylation, and phosphorylation (STY) set as variable mod-
ifications. Match between runs was enabled. Otherwise, the
MaxQuant parameters were not changed from their default
values.

[0165] For the co-IPs samples were precipitated in 500 puL.
acetone overnight. After centrifugation (20,000 g, 10 min-
utes, 4° C.), 30 uL. of ABC was added to each along with
10 mM TCEP, 20 mM CA, and 1 pg trypsin. Samples were
digested overnight at 4° C. 2 uL. of TFA (10%) was added to
quench the digestion. Data were processed using MSFrag-
ger V15 (see Kong et al., Nat Methods 14, 513-520 (2017)).
For searches, the reviewed Mus musculus (Mouse) UniProt
sequences were used (https: www<dot>uniprot<dot>org,
May 5, 2021) using a 1% false discovery rate. All searches
were performed with carbamidomethyl (C) has a fixed mod-
ification and oxidation (M), protein N-terminal acetylation,
and phosphorylation (STY) set as variable modifications.
Match between run was enabled. Otherwise, the MSFragger
parameters were not changed from their default values. The
data were deposited to the ProteomeXchange Consortium
via the PRIDE (PMC6323896) partner repository with the
dataset identifier PXD.

[0166] Electron Microscopy (EM). Isolated SEVs were
fixed with 2% paraformaldehyde, adhered to a carbon-grid
for 20 minutes, and analyzed by transmission electron
microscopy after 8 washes and embedded in 2% methylcel-
lulose with 0.4% uranyl acetate.

[0167] Proteinase-K Digestion of SEVs. EVs isolated
from MEFs treated with TNFa, Smac-mimetic, and zZVAD
(TSZ) via ExoQuick were resuspended in Dulbecco’s phos-
phate-buffered saline. The mix was incubated at 37° C. with
or without Triton X-100 (1% v/v) where indicated. For pro-
teinase K digestion, SEVs were treated with 10-5 units/mL
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proteinase K (New England BioLabs, Cat#:P81078S), Triton
X-100 (1% v/v), and 15 mm CaCl,. The presence of RIPK3
was then detected via Western blotting.

Example 5 - Rapid Exosome Proteomics Enabled by
Azo and timsTOF Pro

[0168] Exosomes are extracellular nanovesicles between
30 and 150 nm in diameter. The proteomic contents of
these vesicles have potential for detection and as therapeu-
tics for pathologies such as cancer and cardiovascular dis-
case. Bottom-up mass spectrometry(MS)-based proteomics
represents a powerful tool for detecting potential proteomic
biomarkers in exosomes. Traditional bottom-up sample pre-
paration results in poor proteome coverage and though more
sensitive methods for exosome sample preparation have
been developed, these methods rely on lengthy digestions,
cleanup steps or offline multidimensional separations,
which limit sample throughput. This example describes a
dedicated protocol for exosome lysis and protein extraction
combined with trapped ion mobility (TIMS)-LC-MS/MS
analysis separation for a rapid, sensitive, and quantitative
approach to exosome proteomics. This method was applied
to study protein expression differences between wild-type
and alpha-5 integrin knockdown mammary fibroblast
€X0somes.

[0169] Following isolation and purification, the photoclea-
vable surfactant 4 hexophenylazosulfonate (Azo) at 0.1%
was used to lyse and extract proteins from lipid vesicles.
Proteins were subsequently reduced, alkylated, and rapidly
digested with trypsin. The Azo surfactant was degraded with
UV irradiation and removed for TIMS-L.C-MS analysis on a
timsTOF Pro instrument. Total sample prep time required
less than two hours.

[0170] FIG. 19 shows the results of NanoSight nanoparti-
cle tracking analysis (NTA) used for the determination of
vesicle size and concentration in wild-type exosome sam-
ples (top) and alpha-5 integrin knockdown samples (bot-
tom). FWHM vesicle size was 101.3 nm for wild-type exo-
somes and 104 nm for knockdown exosomes. As seen in
FIG. 20, the Azo-based exosome proteomics yielded high
numbers of unique protein and peptide identifications. This
method was reproducible across multiple replicate experi-
ments (see FIG. 21).

[0171] The protein identifications from the mammary
fibroblast exosomes showed high overlap with the extracel-
lular vesicle database for all human cell types. FIG. 22 illus-
trates the overlap between the proteins identified in wild
type (WT) exosomes using the method in this experiment
and all human proteins identified by MS present in ExoCarta
(an exosome-specific database). Furthermore, this experi-
ment was able to successfully identify expression differ-
ences between the wild-type and alpha-5 integrin knock-
down samples (FIGS. 23 and 24).

[0172] In summary, this method was used to characterize
the protein content of exosomes and was able to achieve
reproducible, deep coverage of the proteome. Use of the
photocleavable surfactant Azo in conjunction with PASEF
(parallel accumulation-serial fragmentation) on timsTOF
Pro enabled greater sensitivity of exosome peptide analysis
in a shorter timeframe than conventional techniques. This
method was further used to compare protein expression in
wild-type and alpha-5 integrin knockdown exosomes and
was able to show a large impact on ribosomal proteins and
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translation-associated genes. Accordingly, this method
shows promise for the study of exosomes, including samples
obtained from biofluids.

[0173] Having now fully described the present invention
in some detail by way of illustration and examples for pur-
poses of clarity of understanding, it will be obvious to one of
ordinary skill in the art that the same can be performed by
modifying or changing the invention within a wide and
equivalent range of conditions, formulations and other para-
meters without affecting the scope of the invention or any
specific embodiment thereof, and that such modifications or
changes are intended to be encompassed within the scope of
the appended claims.

[0174] When a group of materials, compositions, compo-
nents or compounds is disclosed herein, it is understood that
all individual members of those groups and all subgroups
thereof are disclosed separately. Every formulation or com-
bination of components described or exemplified herein can
be used to practice the invention, unless otherwise stated.
Whenever a range is given in the specification, for example,
a temperature range, a time range, or a composition range,
all intermediate ranges and subranges, as well as all indivi-
dual values included in the ranges given are intended to be
included in the disclosure. Additionally, the end points in a
given range are to be included within the range. In the dis-
closure and the claims, “and/or” means additionally or alter-
natively. Moreover, any use of a term in the singular also
encompasses plural forms.

[0175] As used herein, “comprising” is synonymous with
“including,” “containing,” or “characterized by,” and is
inclusive or open-ended and does not exclude additional,
unrecited elements or method steps. As used herein, “con-
sisting of” excludes any element, step, or ingredient not spe-
cified in the claim element. As used herein, “consisting
essentially of” does not exclude materials or steps that do
not materially affect the basic and novel characteristics of
the claim. Any recitation herein of the term “comprising”,
particularly in a description of components of a composition
or in a description of elements of a device, is understood to
encompass those compositions and methods consisting
essentially of and consisting of the recited components or
elements.

[0176] One of ordinary skill in the art will appreciate that
starting materials, device elements, analytical methods,
mixtures and combinations of components other than those
specifically exemplified can be employed in the practice of
the invention without resort to undue experimentation. All
art-known functional equivalents, of any such materials and
methods are intended to be included in this invention. The
terms and expressions which have been employed are used
as terms of description and not of limitation, and there is no
intention that in the use of such terms and expressions of
excluding any equivalents of the features shown and
described or portions thereof, but it is recognized that var-
ious modifications are possible within the scope of the
invention claimed. The invention illustratively described
herein suitably may be practiced in the absence of any ele-
ment or elements, limitation or limitations which is not spe-
cifically disclosed herein. Headings are used herein for con-
venience only.

[0177] All publications referred to herein are incorporated
herein to the extent not inconsistent herewith. Some refer-
ences provided herein are incorporated by reference to pro-
vide details of additional uses of the invention. All patents
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and publications mentioned in the specification are indica-
tive of the levels of skill of those skilled in the art to which
the invention pertains. References cited herein are incorpo-
rated by reference herein in their entirety to indicate the state
of the art as of their filing date and it is intended that this
information can be employed herein, if needed, to exclude
specific embodiments that are in the prior art.

1. A method for analyzing one or more lipid vesicles com-
prising the steps of:

a) contacting the one or more lipid vesicles or a mixture of
compounds obtained from within the one or more lipid
vesicles with a photo-cleavable anionic surfactant in a
solution until the one or more lipid vesicles or mixture
of compounds is dissolved in the solution, wherein the
photo-cleavable anionic surfactant comprises: 1) a
hydrophilic head, ii) a hydrophobic tail, and iii) a
photo-cleavable moiety covalently linking the hydrophi-
lic head and hydrophobic tail; and

b) exposing the solution containing the photo-cleavable
anionic surfactant and dissolved one or more lipid vesi-
cles or mixture of compounds to electromagnetic radia-
tion, thereby decomposing the photo-cleavable moiety
and generating an irradiated solution containing the one
or more lipid vesicles or mixture of compounds.

2. The method of claim 1 wherein the one or more lipid
vesicles are one or more extracellular vesicles obtained from
one or more cells or samples from a subject.

3. The method of claim 1 wherein the one or more lipid
vesicles are one or more exosomes.

4. The method of claim 1 comprising contacting the one or
more lipid vesicles with the photo-cleavable anionic surfac-
tant, wherein the one or more lipid vesicles have an average
diameter between 30 and 150 nm.

5. The method of claim 1 comprising lysing the one or more
lipid vesicles to generate the mixture of compounds.

6. The method of claim 1 comprising performing mass
spectrometry (MS) analysis on aportion of the irradiated solu-
tion containing the one or more lipid vesicles or mixture of
compounds.

7. The method of claim 6 comprising performing a separa-
tion step on the irradiated solution prior to performing MS
analysis.

8. The method of claim 6 comprising exposing the solution
containing the photo-cleavable anionic surfactant and dis-
solved one or more lipid vesicles or mixture of compounds
to electromagnetic radiation prior to injecting or spraying
the irradiated solution in a MS device.
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9. The method of claim 6 comprising exposing the solution
containing the photo-cleavable anionic surfactant and dis-
solved one or more lipid vesicles or mixture of compounds
to electromagnetic radiation after injecting or spraying the
irradiated solution in a MS device, wherein the electromag-
netic radiation is provided by the MS device.

10. The method of claim 9 wherein the electromagnetic
radiation is provided during ultraviolet photo-dissociation.

11. The method of claim 1, wherein the mixture of com-
pounds comprises nucleic acids, lipids, saccharides, proteins,
protein fragments, and combinations thereof.

12. The method of claim 1, wherein the mixture of com-
pounds comprises one or more proteins or protein fragments.

13. The method of claim 11, wherein the proteins are part of
pathways involved with tumorigenesis, metastasis, cardiac
regeneration, necroptosis or apoptosis.

14. The method of claim 1, wherein the photo-cleavable
moiety covalently linking the hydrophilic head and hydro-
phobic tail is selected from the group consisting of an O-nitro-
benzyl (ONB) group, O-nitroveratryl (ONV) group, and azo-
benzene (AZO) group.

15. The method of claim 1, wherein the photo-cleavable
anionic surfactant has the formula:

where n is an integer selected from 2 to 30, and R is any
atom or molecule able to form a cation.

16. The method of claim 15, wherein R is calcium, sodium,
potassium, or combinations thereof.

17. The method of claim 1, wherein the photo-cleavable
anionic surfactant comprises 4-hexylphenylazosulfonate.

18. The method of claim 1, wherein the photo-cleavable
anionic surfactant remains stable at a pH of 4 or lower.

19. The method of claim 1 comprising exposing the solu-
tion containing the photo-cleavable surfactant and dissolved
one or more lipid vesicles or mixture of compounds to ultra-
violet (UV) light.

20. The method of claim 10, wherein the UV light has a
wavelength between 250-350 nm.
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