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ABSTRACT: Mammalian cells release a heterogeneous array of Extracellular Vesicle Fingerprinting

extracellular vesicles (EVs) that contribute to intercellular Multiplex EV Labeling  Flow Cytometry Dimensional An1aly2|s
communication by means of the cargo that they carry. To o : Redﬂ“»‘:t':’” ==
resolve EV heterogeneity and determine if cargo is partitioned \\ r v | Pl =
into select EV populations, we developed a method named “EV P\ K P / 2 '@ PN
Fingerprinting” that discerns distinct vesicle populations using %\b) ' 2 :L {:® “c?:
dimensional reduction of multiparametric data collected by ~ S e asmi| 1|
quantitative single-EV flow cytometry. EV populations were i ¢ .lGroup2 ‘ Sl
found to be discernible by a combination of membrane order ‘2/ ' ’ el
and EV size, both of which were obtained through multi- s Y@
parametric analysis of fluorescent features from the lipophilic I & 53.05% a

| —

dye Di-8-ANEPPS incorporated into the lipid bilayer.
Molecular perturbation of EV secretion and biogenesis through
respective ablation of the small GTPase Rab27a and overexpression of the EV-associated tetraspanin CD63 revealed distinct
and selective alterations in EV populations, as well as cargo distribution. While Rab27a disproportionately affects all small EV
populations with high membrane order, the overexpression of CD63 selectively increased the production of one small EV
population of intermediate membrane order. Multiplexing experiments subsequently revealed that EV cargos have a distinct,
nonrandom distribution with CD63 and CD81 selectively partitioning into smaller vs larger EVs, respectively. These studies
not only present a method to probe EV biogenesis but also reveal how the selective partitioning of cargo contributes to EV
heterogeneity.
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xtracellular vesicles (EVs) are membrane-partitioned

E particles which contain biologically active cargo and

functionally contribute to intercellular communication

in health and disease.’ The detection and characterization of

these vesicles is therefore thought to be a means to derive

biological insights and attain biomarkers that inform on the

status of a patient. Although frequently referred to as a single

class cumulatively defined as lipid bilayer-enclosed particles, the

term “extracellular vesicles” encompasses a heterogeneous

group of particles produced by multiple biogenesis pathways

which vary greatly in both size and composition.” EVs are
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commonly characterized by their size.” While imperfect, this
metric is informative in distinguishing between smaller EVs (S-
EVs) ranging from 30 to 200 nm and larger EVs (L-EVs) ranging
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Figure 1. EV Fingerprinting overview. (A) Schematic representation of EV biogenesis through exocytosis and ectocytosis leading to the
formation of exosomes and ectosomes, respectively. Created with BioRender.com. “EE” early endosome, “MVB” multivesicular body. (B)
Extrinsic labeling of EVs using the lipophilic dye, di-8-ANEPPS (di8), and fluorescently conjugated antibody or intrinsic labeling using
fluorescent fusion proteins (pHluorin M153R tagged CD63). (C) Optical triggering on the CellStream uses a time delay integration charge-
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Figure 1. continued

coupled device (TDI-CCD) to collect measurements (including Intensity, RawMax Pixel, Area, and Aspect Ratio) simultaneously for up to six
emission wavelengths (em = 456, 528, 583, 611, 702, and 773). (D) A matrix histogram of measurements for the five emission wavelengths
collected for di8 excited at 488 nm demonstrates the multiparametric nature of EV features collected from this lipophilic, environment sensitive
dye. (E) Dimensional reduction embedding and clustering of multiparametric EV features using UMAP. (F) Cluster identification was done
using HDBSCAN. (G) Representative results of a UMAP density plot comparing two paired samples.

from 200 to >1000 nm." Given that EVs have been
demonstrated to convey a diverse array of biological activity,
the heterogeneity of EV populations suggests that unique
populations of EVs convey distinct functions. This is
underscored by studies evaluating the functional role of S-EVs
vs. L-EVs.”~® Moreover, changes in EV heterogeneity can reflect
a change in biological state (i.e,, cancer vs normal) thereby
serving as a clinically informative biomarker.”"'’

While much remains unknown about EV biogenesis, it has
been established that they are generated through at least two
distinct mechanisms (Figure la). Cells can produce EVs
through exocytosis of endosome-derived multivesicular bodies
(MVBs) that fuse with the plasma membrane to release
exosomes into the extracellular space.”” This biogenesis
pathway is regulated by the small GTPase Rab27a, which
controls docking of MVBs with the plasma membrane.'" These
EVs are thought to be <200 nm. Alternatively, EVs can arise
through direct budding and fission of the plasma membrane
(ectocytosis) to produce ectosomes.”” These vesicles range
broadly in size and can be as small as the exosomes, but also
significantly larger (>1 um)."'* Not only do EVs vary in size,
they are also known to vary in composition based on the
incorporation of cargo (lipids, proteins, carbohydrates, and
nucleic acids) during biogene:sis.l3_16

EVs have been shown to be selectively enriched for certain
cargo such as the tetraspanins (TSPANs) CD9, CD63 and
CD81."”” While protein and nucleotide cargo of EVs are
intensely studied, less is known about their lipid composition
and how this contributes to EV heterogeneity.'”'” While
biological membranes are frequently represented as homoge-
neous layers, they are, in fact, highly organized structures that
display lateral phase separation and lipid domain segrega-
tion.”””' Membrane partitioning is achieved in part by the
organization of the membranes into a liquid ordered (Lo) or
disordered (Ld) state.”’™*° This organization is functionally
important for complex activities, such as signal transduction”®
membrane trafficking””** and enzyme activity.”> Moreover, it
contributes to membrane shape””’’ and fusogenicity.”"*"**
Membrane order is influenced by many factors including fatty
acid chain saturation (e.g., unsaturated vs saturated phospho-
lipids) and lipid packing (e.g., the inclusion of cholesterol),
which can be modeled with multicomponent bilayers in
synthetic liposomes created with controlled lipid composi-
tion.”">#*>*3 Bulk lipidomics of EVs has demonstrated that they
vary in lipid composition, however, such variation at the single
EV level has not been evaluated previously.** ™

Single-EV flow cytometry methods are experiencing increased
adoption given their ability to characterize molecular cargos on a
single vesicle basis. While most conventional flow cytometers are
not set up to accurately detect particles smaller than 500 nm in
diameter, instrumentation can be adapted to enable small
particle detection.”” For example, Stoner et al.’® built a
customized high-sensitive flow cytometer to extend the limit
of detection to 70—80 nm. In addition, fluorescence triggering
with lipophilic dyes such as with di8 demonstrated reproducible

detection of EVs.*® Other specialized single-EV flow cytometry
platforms achieve increased instrument sensitivity, in part by
slowing down the flow rate which, in turn, greatly limits
throughput (10,000—12,000 events/min).””*’ Conversely,
technologies with faster flow rates (>100,000 events/min) not
only suffer from lower sensitivity, but are also susceptible to the
so-called swarm effect, in which groups of small particles are
registered as single large particles.””*” To achieve accurate high-
throughput detection of small particles at a fast flow rate
(~100,000 events/min), the Amnis CellStream platform utilizes
a Time Delay Integration Charge-Coupled Device (TDI-CCD).
The detection of photons across spatially separated pixels
permits the capture of multiparametric image-like features,
providing additional data dimensions. We exploited the gain in
detection sensitivity with the pixel-based image features to
resolve the EV heterogeneity.

In this study we used the uptake of lipophilic environment-
sensitive membrane probes (such as di-8-ANEPPS (di8)) by the
lipid bilayer, together with analysis of additional data dimensions
collected by a TDI-CCD of the CellStream, to generate a single-
EV flow cytometry method in which: (1) the uptake of dye was
used to detect EVs and assess their relative size; and (2) the shift
in emission maxima of these dyes in response to membrane
order along with image parameters was used to deconvolve
heterogeneous EV populations.”~* We coupled these data
dimensions with dimensional reduction to develop the “EV
Fingerprinting” approach that deconvolves the complexity of EV
populations. The method was established with highly purified
EVs and validated with synthetic liposome standards of highly
ordered (Lo) and disordered (Ld) membranes. Using the
guidelines from the International Society for Extracellular
Vesicles (ISEV) for the minimal information for studies of
EVs (MISEV),” =" orthogonal EV characterization methods
were used to confirm EV Fingerprinting observations. EV
Fingerprinting was subsequently implemented to reveal that
mammalian cells produce distinct EV populations that (i) are
discernible using multiparametric features derived from EV size
and membrane order, (ii) are selectively and differentially
impacted by disruption of exosome secretion with knockdown
(KD) of Rab27a, and the overexpression of EV cargo (CD63),
and (iii) carry a distinct, nonrandom distribution of cargo that
can be revealed by multiplexing.

RESULTS

Principle of EV Fingerprinting and Workflow. In order
to deconvolve the heterogeneity of EVs, we developed a method
using single-EV detection of fluorescently labeled EVs by flow
cytometry, followed by dimensional reduction of multipara-
metric features to resolve individual EV populations (Figure
1b—g). The approach leverages changes in fluorescence
intensity and emission spectra of the lipophilic dye di8,
associated with variations in particle size and lipid composition
to detect, discern, and quantify distinct EV populations. In
addition, single-EV cargoes are visualized using a genetically
encoded fluorescent marker (e.g,, pHluorin-CD63)> or a cargo-
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Figure 2. Quantitative detection of single EVs by flow cytometry. (A) Negative staining of transmission electron micrographs (TEM) of 10 K
(left) and 100 K (right) UC purified EV preps from HT1080 parental cells. Scale bar: 200 nm. (B) Representative traces from nanoparticle
tracking analysis (NTA) of 10 K and 100 K EV preparations. (C) Representative flow cytometry scatter plots of intrinsically labeled HT1080-
pHluorin-CD63 (top) and extrinsically di-8-ANEPPS (di8) stained HT1080-Parental EV (bottom) samples from 10 K and 100 K DG-UC EV
preparations and conditioned media (CM). Gating of the EVs was performed against the buffer controls. (D) Scatter plots of EVs in 10 K and
100 K DG-UC preparations from HT1080 and PC3 cells. The median scatter (SSC) and 488—611 (excitation—emission) MFI of sizing
liposomes (90, 200, and 400 nm) is shown within the scatter plots, as indicated (see also Figure S3). Sizing liposomes were measured in
triplicate with the 400 nm liposome used as the midpoint for quadrant gates. The upper right quadrant represents EVs > 400 nm. (E) Relative
abundance of EVs < 400 nm (pink) or > 400 nm (gray) in isolated EVs from HT1080 and PC3 cells. Bar plots represent quantitation of the
dilution-corrected number of EVs (left y-axis) and the ratio of larger to smaller EVs (blue triangle, right y-axis. (F,G) Evaluating the ability of
flow cytometry to detect membrane order with the lipophilic, environment sensitive dyes F2N12S (blue), Di-4-ANEPPDHQ (black), and Di-8-
ANEPPS (green) by changing fatty acid chain saturation of phospholipids (DPPC vs DOPC) (F) or incorporating cholesterol (DOPC) (G).
Average GP values from (n = 4) technical replicates for each condition.
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specific antibody (e.g., anti-CD63 antibody, Figure 1b).
Fluorescently labeled EVs are detected in the Amnis CellStream
flow cytometer, where 20-fold signal integration across the TDI-
CCD detector enables sensitive detection of passing particles
(Figure 1c). Multiparametric data of di8 staining are extracted
from the final integration using four optical features across five
emission wavelengths (Figure 1d, Table S1 and S2). Data
reduction using Uniform Manifold Approximation Projection
(UMAP) of the resulting 20 dimensions creates a 2D
representation of the EV populations present in the sample
(Figure le). Hierarchical Density-Based Spatial Clustering of
Applications with Noise (HDBSCAN) is subsequently used for
cluster identification (Figure 1f).”'~>* The resulting pattern of
clusters is a “Fingerprint” of distinct EV populations. Unlike
previously established bulk EV analytical methods and conven-
tional flow cytometry, EV Fingerprinting makes it possible to
perform quantitative assessment of distinct EV populations and
determine how they are altered by experimental manipulation,
molecular perturbation, or a disease state (Figure lg).

Optimization of EV Detection by Fluorescent Trigger-
ing. Single-EV detection was achieved by fluorescence-triggered
flow cytometry (Amnis CellStream) with di8-stained EVs by
using a TDI-CCD detector to collect optical measures upon
fluorescence excitation by a 488 nm laser. Two staining methods
were optimized to enable analysis of samples of both low and
high particle concentrations (methods #1 and #2 in Figure Sla
and 1b, respectively). For samples with low EV concentrations
(<1 %X 10%/mL), including unpurified, EV-containing fluids such
as conditioned medium (CM), the sample is stained with a low
concentration of di8 (0.25 yM) and analyzed directly by flow
cytometry. For high EV concentration (>1 X 10%/mL) such as
EVs purified by ultracentrifugation (UC), the sample is stained
with a high concentration of di8 (2 M) and subsequently
diluted 200-fold before analysis by flow cytometry. These dye
concentrations reduce background fluorescence and prevent
self-quenching while serial dilution avoids swarming the
detector with a high number of particles..ss’56 In addition,
method #2 is amendable to single and multiplex antibody
staining of di8-labeled EVs.””*® Samples are always serially
diluted to ensure detection within the quantitative range of the
assay. To identify the optimal staining conditions, a series of
trials was completed to evaluate the impact of: (1) di8
concentration (Figure Sla—d), (2) the staining temperature
(Figure S1d), (3) and the laser excitation intensity (Figure
Slef). Based on observations from these trials, we defined the
optimal staining conditions, as summarized in Table S3.

Using Method #1, we tested EV detection across a serial
dilution of di8 from 4 to 0.0078 uM staining at room
temperature (RT, approximately 22°C). Consistent EV
detection was observed in a range from 0.0156 to 0.25 uM
(Figure Slc, 100 K EV-blue) with minimal signal derived from
free dye (Figure Slc, Buffer-black).

While lipophilic labeling is typically performed at RT,
antibody staining for flow cytometry is often optimized at
different temperatures. To assess the impact of temperature on
vesicle staining, Method #2 was evaluated at RT and 37°C using
2-fold dilutions from 4 to 0.5 M. EV detection was consistent
for both temperatures at 2 yuM di8 (Figure S1b and d).

The impact of excitation energy on EV detection was assessed
using a 488 nm laser titration for both Methods #1 and #2. EV
detection plateaued at laser powers greater than 45% for both
staining methods (Figure Sle,f). Moreover, background particle
detection in the absence of EVs increased when laser power was

increased beyond 25% with both staining methods (Figure
Sle,f). The increase in non-EV background particles adversely
impacted samples with low EV count and (Figure Sle,f: 100 K
1X), we therefore used 25% laser power for subsequent assays.

Quantitative Single-EV Detection. Single-EV detection in
a flow cytometer can require extensive dilution of the source
material to avoid swarming of the detector with multiple
particles. However, the resulting reduction in molecular density
is known to impact both microparticles and macromolecules by
promoting nonspecific interactions.”” To offset the diminution
in protein and other buffering components caused by sample
dilution,”” we tested the benefit of molecular crowding (MC)
with dextran (M, = ~100,000). Final dextran concentrations of
1.625%, 3.25%, and 6.5% compared to PBS (0% Dextran)
improved single particle detection for both FITC-labeled
nanosized beads as well as UC purified di8-stained EVs by
100—400% while increasing dextran concentration to 10%
eliminated gains in detection (Figure S2a,b, respectively). In
subsequent assays, dextran samples were prepared at 6.5% and
diluted to 3.25% final concentration as the optimal condition for
particle detection (Figure S2c,d).

Single particle detection was verified using nonfluorescent
and fluorescent synthetic bead standards as well as UC purified,
di8-stained EVs (Figure S2c,d). FITC-labeled sizing beads (0.5,
0.2, and 0.1 pm, respectively) were serially diluted, and the
corresponding linear detection was successfully quantified
(Figure S2c). To define the quantitative range of EV detection,
100,000 UC purified EVs stained by Method #2 were evaluated
across a serially diluted sample (Figure S2d). The quantitative
range of EV detection, where the EV count corresponded
linearly to the dilution factor and the median fluorescence
intensity remained consistent (MFI, Median 488—611), was
identified at 50,000—400,000 count/min run time which
equates to 1.5—-12 X 10" EV/mL when correcting for the
volume analyzed (gray box, Figure $2d). The specificity of lipid-
based vesicle detection was confirmed through detergent lysis of
the EVs. Indeed, the detection of di8-positive (di8+) particles
was abrogated upon lysis with 0.5% NP40 detergent, confirming
specificity of EV detection (Figure S2e).

The validated EV flow cytometry strategy was subsequently
applied to EVs purified from fibrosarcoma cells (HT1080)-CM
by a standard sequential UC method®’ designed to enrich for L-
EVs at 10,000g (10 K) and for S-EVs at 100,000g (100 K)
(Figure 2). Transmission Electron Microscopy (TEM)
confirmed the expected size-selective enrichment in the two
respective preparations (Figure 2a, scale bar = 200 nm). In
parallel, nanoparticle tracking analysis (NTA) confirmed the
differential enrichment for larger EVs in the 10 K UC prep and
for smaller EVs in the 100 K UC prep (Figure 2b). Flow
cytometry successfully detected both intrinsically labeled EVs
(pHluorin-CD63) and extrinsically labeled EVs (di8) in the UC
purified EV preparations (10 and 100 K, Figure 2c) as well as the
unfractionated CM (Figure 2c). The lower MFI observed in 100
K vs the 10 K preparations is consistent with the reduced size of
the EVs in 100 K preps observed by TEM and NTA (Figure 2a
and b).

To assess the ability of flow cytometry to reveal size-based
enrichment of EVs isolated by differential UC, EVs were
mapped to sizing liposomes (90—400 nm) labeled with the same
di8-staining Method #2 (Figure S3a and b). Given that PC3 cells
have been previously characterized to shed L-EVs including
Large Oncosomes (LO, >1 um),*"** we used the MFI of the
largest sizing liposome (400 nm) as a landmark to delineate S-
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Figure 3. Enrichment of small and large EV populations corresponds to UC preparations. (A) EV Fingerprints of 2.8, 10, and 100 KDG-UC EV
preparations generated sequentially from PC3 CM. Colors represent particle density from high (red) to low (blue). (B) Heatmap of clusters
separated by DG-UC speed and sorted according to relative size (di8 signal, 488—611 median fluorescence intensity [MFI]) for each cluster.
(C) Cluster plot of relative EV size mapping di8 fluorescence against scatter (488—611 MFI vs SCC, linear regression R = 0.85). (D) Heatmap
of EV abundance per cluster, using the cluster ranking from panel B. (E) Box plot of the membrane order metric (GP value) for each cluster
overlaid by a standard of membrane order composed of cholesterol-containing DSPC liposomes, which range from low membrane order (Ld,
0% cholesterol) to high membrane order (Lo, 45% cholesterol). (F) Independent pairwise evaluation of DG-UC EV preparations with T-REX
Statistical thresholds of >85% and >95% expansion in the k-nearest neighbor (KNN) region denoted in red or blue, respectively. k-value = 60.

EV (<400 nm) from L-EV (>400 nm) populations across the preparations from fibrosarcoma (HT1080) and prostate cancer

UC preparations (10 K vs 100 K, Figure 2d,e). Plotting the MFI (PC3) cells illustrates that our single EV flow cytometry method
of sizing liposome standards over scatter plots of 10 Kand 100 K could indeed detect EVs across a large size range (Figure 2d,e).
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Figure 4. EV Fingerprinting resolves populations disrupted by EV secretion. (A) EV Fingerprints of 10 K (left) and 100 K (right) UC EV
preparations from the control HT1080 cells (Scr, top panel) and the Rab27a KD HT1080 cells (KD1 and KD2 in the middle and bottom panel,
respectively). Colors represent particle density from high (red) to low (blue). 80% sampling for a total of 1,102,755 events. (B) Clusters ranked
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Figure 4. continued

by relative size (di8, 488—611 MFI). Black and red clusters correspond to S-EV and L-EV respectively, as defined in Figure S8e. Black = Clusters
with >50% enriched in the 100 K. Red = Clusters >50% enriched in the 10 K. Gray boxes highlight clusters selected for further analysis in C—E.
(C) Reduction of each EV population shown as a percentage of Scr for each cluster in KD1 (blue) and KD2 (gray) cells. (D) Cluster plot of
relative EV size mapping di8 fluorescence against scatter (488—611 MFI vs SCC, linear regression: R* = 0.87). Selected EV populations
corresponding to S-EV and L-EV in “C” shown in black or red, respectively. (E) Box plot of the membrane order metric (GP value) for each EV
population overlaid by a standard of membrane order composed of cholesterol-containing DSPC liposomes, which ranges from low membrane
order (Ld, 0% cholesterol) to high membrane order (Lo, 45% cholesterol). (F) Visualization of the relative abundance for every EV population
after Rab27a KD in the context of their relative size (x-axis) and membrane order (y-axis). (G) T-REX analysis on UMAP plots indicates regions
of significant change when comparing: (i) EV preparations (10 KScr vs 100 KScr), (ii) Rab27a KD in S-EV preparations (100 K Scr vs 100 K
merged KDs), and Rab27a KD in L-EV preparations (10 K Scr vs 10 K merged KDs, right). Direction and degree of change are shown in red and

blue. k-value = 60.

Consistent with the NTA observations (Figure 2b), this method
detected a higher frequency of smaller EVs (<400 nm) in both
10 K and 100 K UC preparations, but a distinct enrichment
(blue line) of larger EVs (>400 nm) was observed in 10 K UC
preparations (Figure 2e). This enrichment is 2-fold higher for
PC3 than HT1080 cells (Figure 2e), an observation consistent
with previously published reports.®’

EV Fingerprinting. During flow cytometry, individual EVs
are detected when the fluorescence from the membrane-bound
dye is sufficient to trigger the detector. Larger particles contain
more lipid, and the corresponding fluorescence increases
(Figure S3a,b). Lipophilic dyes such as di8, di-4-ANEPPDHQ_
and F2N12S are minimally fluorescent in aqueous solutions, but
become strongly fluorescent upon intercalating into the
hydrophobic environment of the lipid bilayer.*”*¥**~" In
addition, the peak emission of these dyes shifts to a lower
wavelength in membranes with increased liquid order.*~"° This
emission shift for di8 was readily visualized using a panel of 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC) synthetic lip-
osomes of 100 nm in which membrane order was transitioned
from disordered (Ld) to ordered (Lo) through the incorpo-
ration of increasing amounts of cholesterol (Figure S3c—g)
while keeping their size constant (Tables S4 and SS). With
increasing cholesterol, the peak emission of di8-stained
liposomes shifted from 702 to 611 nm without significantly
altering the total fluorescence intensity (Figure S3d and 3e,
respectively).

The complex shift in di8’s emission spectrum can be
represented in a simplified manner using the Generalized
Polarization (GP)*"**”'~" calculation using the two peak
emission channels for Lo and Ld as reported by di8 (Figure
83fg).

The ability of EV flow cytometry to detect membrane order
using di8 was validated by using two additional established
reporters of membrane order (F2N12S8"%7*""7 and Di-4-
ANEPPDHQ’"7%7%%) to distinguish between liposomes
comprised of a highly ordered lipid bilayer (dipalmitoylphos-
phatidylcholine, DPPC) vs a disordered bilayer (1,2-dioleoyl-sn-
glycero-3-phosphocholine, DOPC).*** All three dyes demon-
strated a clear increase in the GP value when comparing
liposomes of Lo and Ld bilayers (Figure 2f). A similar increase in
GP value was observed when the membrane order of DOPC and
DSPC/chol/DMG-PEG2000 liposomes were increased
through the incorporation of cholesterol (Figure 2¢ and Figure
S3h, respectively). GP values of di8 stained DOPC liposomes
with increasing amounts of cholesterol were consistent across
three different experimental sites, confirming the robustness of
this readout (Figure S3i). Considering the superior stability,
water solubility, and brightness of di8, only this dye was used in

subsequent studies. Unlike synthetic liposomes, the lipid bilayer
composition of biological membranes is complex and multi-
phasic.”* Since the emission spectrum of lipophilic dyes is
influenced by the nature of their lipid environment, the
complexity of an EV membrane can be captured by
corresponding changes in the di8 fluorescence emission
spectrum. To distinguish between EV populations with distinct
spectral profiles, we leveraged this complexity through dimen-
sional reduction of 20 features captured across S emission
channels by the TDI-CCD camera of the CellStream (see Figure
1 for summary). Cluster analysis was subsequently used to
deconvolve the heterogeneous EV populations detected by
single EV flow cytometry into distinct populations. This analysis
allowed us to determine which EV populations were differ-
entially enriched during UC purification and which EV
populations were impacted by molecular perturbation of EV
biogenesis and secretion pathways (Figures 3, 4, and 5). We
refer to this method of EV population analysis as “EV
Fingerprinting”.

Four different dimensional reduction methods were consid-
ered for EV Fingerprinting, including Principal Component
Analysis (PCA),* t-distributed Stochastic Neighbor Embed-
ding (t-SNE),** Pairwise Controlled Manifold Approximation
(PaCMAP),* and UMAP.>"** Clustering by HDBSCAN was
used to assess the ability of each method to discern discrete
populations (Figure S4a—c). The linear dimensional reduction
method PCA failed to achieve reasonable separation while
UMAP exhibited the best performance of the three nonlinear
methods as evidenced by having the lowest number of
unclassified events and the most well-defined clusters (Figure
S4b,c). While UMAP was utilized in all subsequent analyses, all
three algorithms identify clusters across a similar GP range,
which further supports the conclusion that features derived from
membrane order are driving the distinction between EV
populations (Figure S4c).

An analysis workflow was constructed in the data science
platform KNIME to facilitate the processing of flow cytometry
files (.fcs) and perform EV Fingerprinting (Figure SSa—c).5%%
In brief, selected flow cytometry files are ingested after which the
20 EV features (Table S2 and Table S6) were transformed
(asinh) and subsequently reduced to two dimensions using
UMAP followed by clustering using HDBSCAN. The KNIME
workflow not only facilitates data processing but also enables
visualization and export of the data as tabular data or images.

To determine if EV Fingerprinting could be used to
quantitatively assess heterogeneous particle populations, the
method was used to analyze fluorescent sizing beads of known
concentration and compared with manual gating (Figure S6).
Indeed the analysis generated bead-specific clusters and
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Figure 5. EV Fingerprinting identifies populations affected by CD63 overexpression (OE). (A) Scatter plot from HT1080 parental and pHluorin
100 K UC EV preparations showing gates for CD63 in parent and pHluorin EVs. (B) Histograms of CD63+ EVs gated antibody signal (642—
702) from Parental and pHluorin 100 K EVs. (C) EV Fingerprints of HT1080 Parental and pHluorin 100 K EV preparations using di8
parameters (100% sampling for a total of 1,963,112 events). Colors represent particle densities from high (red) to low (blue). Cluster IDs
shown represent the 10 most abundant populations. (D—G) Heatmaps of total fluorescence (tFL), membrane order (GP) and CD63 status by
percent and count for EV populations ranked from large to small EVs (decreasing tFL). (D) Heatmap of total fluorescence (tFL). (E) Heatmap
of membrane order (GP). (F) Heatmap of CD63 antibody signal (642—702 MFI) from Parental (Par) and pHluorin (pHl) EV populations. (G)
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Figure S. continued

Heatmap of CD63 status represented as the relative proportion of the population (%) for CD63— and CD63+ EVs from Parental (Par) and
pHluorin (pHI) EVs. (H) Stacked bar plot with quantitative representation of CD63— (blue) and CD63+ (green) events in each population for
Parental and pHluorin EVs. (I) Visualization of the relationship between relative size and membrane order of an EV population and the impact
of CD63 overexpression. The relative abundance of each EV population after Rab27a KD was plotted against its di8 MFI and GP value. Inset
illustrates the relationship of % change in abundance relative to CD63 (anti-CD63 MFI (642—702)) linear regression, R” = 0.75.

distinguished them from background particles (Figure S6a,b).
Quantitation was accurate for both manual and HDBSCAN
gating as they detected the expected 1900 beads/uL at 1:4
dilution (dotted line, Figure S6c).

EV Fingerprinting was subsequently applied to EVs labeled
intrinsically with fluorescently tagged CD63 EV-reporter
(pHluorin-CD63)°° or extrinsically with di8. Flow cytometry
of unpurified CM and purified EVs isolated by sequential 10 K
and 100 K UC were used to evaluate the ability of EV
Fingerprinting to assess the enrichment of EVs by ultra-
centrifugation. The quantitative range for EV flow cytometry
was determined by serial dilution, as shown in Figure S2d.
Intrinsically (pHluorin-CD63) and extrinsically (di8) labeled
EV samples were analyzed by using the dimensional reduction
workflow (Figure S7). It was possible to observe EV populations
differentially enriched between 10 K and 100 K UC preparations
in both intrinsically and extrinsically labeled EVs (10 Kvs 100 K,
Figure S7). However, the dimensional reduction of di8-labeled
EVs revealed many more distinct EV populations than
pHluorin-CD63 EVs (Figure S7, detection of pHluorin-CD63
vs detection of di8). Consequently, subsequent studies
leveraged only extrinsic di8 labeling for EV Fingerprinting.

EV Fingerprinting Captures Size-Based Enrichment of
EV Populations by Density Gradient UC Purified EV. EVs
are commonly isolated by sequential UC at incrementally
increasing speeds (2,800g, 10,000g, and 100,000g) followed by
centrifugal upward flotation in a density gradient (DG-UC).*"**
This method leverages the size and density of EVs to separate
them from nonvesicular particles and proteins. Moreover, L-EVs
are separated from S-EVs using slow speed UC (2,800—
10,000g) while S-EVs are enriched in subsequent high-speed UC
(100,000g).”

We tested the capacity of EV Fingerprinting to detect the
differential enrichment of EV populations by DG-UC at 2,800g
(2.8 K), 10,000g (10 K), and 100,000g (100 K) from PC3 cells
(Figure 3). Tunable resistive pulse sensing (TRPS) sizing
measurements of the isolated EV preparations from PC3 cells,
known to secrete both L-EVs and S-EVs,°? confirmed larger
vesicles (>200 nm) enriched in the 2.8 K and 10 K preparations
compared to the 100 K preparation (Figure S8a—c). Flow
cytometry of di8-labeled EV preparations readily detected EVs
in all three preparations when compared to the buffer alone
(Figure S8d). The detection of a low number of particles with
high di8 MFI (ie., larger EVs) in the 2.8 K preparation
compared to a high number of particles with lower di8 MFI (i.e.,
smaller EVs) in the 100 K preparation is consistent with the
TRPS measurements. By comparison, the 10 K preparation
seems to contain a mixture of both larger and smaller EVs, as
assessed by di8 MFI in flow cytometry and TRPS sizing. EV
Fingerprinting of DG-UC purified EVs reveals over 80 distinct
populations (Figure S8e). After removal of buffer-derived
clusters and rank-ordering the populations according to
abundance (Figure S8f), clusters containing >1% of total data
were examined for differential enrichment between 2.8 K, 10 K
and 100 K preparations (Figure 3).

The UMAP embedding reveals PC3 EV populations as clearly
resolved clusters with visible sample-specific changes in particle
abundance (Figure 3a). A heatmap of the clusters ranked
according to di8 labeling (asinh[488—611 MFI]) suggests that
the EV populations vary greatly in size, with cluster 9, enriched
in the 2.8 K EV preparation, representing the brightest and
therefore the largest EV population (comparing left to right;
Figure 3b). This is confirmed when plotting the di8 fluorescence
(MFI) of the population against its scatter (Figure 3c, linear
regression R* = 0.85). Importantly, each of the three
preparations contains detectable quantities of every EV
population with a similar MFI (Figure 3b). As expected, the
relative enrichment of each EV population corresponds to their
relative size (Figure 3d). Larger EVs (high MFJ, i.., clusters 8
and 9) are enriched in 2.8 K preparations while smaller EVs (low
MF], i.e., clusters 5,7, 11, 12 and 13) are enriched in 100 K while
the 10 K preparation contains a mixture of sizes (Figure 3d).
These observations are consistent with TRPS measurements
(Figure S8a) and published findings.**

The resolution of several EV populations with very similar di8
MFI (eg, S, 7, 11, and 12, Figure 3c) indicates that the
dimensional reduction of EV Fingerprinting deconvolves EVs
using multiple parameters. Indeed, when ranked according to
their GP-value and mapped against cholesterol-containing
membrane order standards, EV populations of similar size
exhibit very different membrane order, with populations 11 and
13 exhibiting disordered membranes (low GP value) relative to
populations 7 and S (high GP value) (Figure 3e). Interestingly,
while S-EVs, enriched in 100 K preparations, range widely in
their membrane order (GP —0.5 to +0.4), L-EVs enriched in the
2.8 K preparation (clusters 8 and 9) seem to be positioned at the
midpoint of this range (GP —0.2 to +0.0, Figure 3e).

To ensure that the observed differential enrichment of EV
populations was unbiased, we completed an unsupervised
assessment with “Tracking Responders EXpanding” (T-REX)
algorithm, which detects regions of significant change within
phenotypically homogeneous events in a pairwise comparison of
two conditions, such as low- or high-speed centrifugation.®’
Using the same UMAP embeddings, three pairwise sample
comparisons across 2.8 K, 10 K, and 100 K DG-UC with T-REX
confirmed the size-based EV enrichment identified by analysis of
individual HDBSCAN clusters (Figure 3f). The L-EV clusters 8
and 9 are identified by T-REX as enriched (>85%) in the low-
speed preparations while several S-EV clusters (including S, 11,
12, and 13) were identified as enriched in the high-speed
preparations. Thus, using EV Fingerprinting as a basis for
differentiating between the EV populations, both conventional
cluster analysis and T-REX identify populations of S-EVs and L-
EVs that are enriched differentially by DG-UC.

EV Fingerprinting Reveals That the Loss of Rab27a
Differentially Impacts Select Small EV Populations. EV
secretion through late endosomal/lysosomal compartments
relies in many cells on a small GTPase, Rab27a, which controls
MVB docking to the plasma membrane.'' Thus, the knockdown
(KD) of Rab27a can reduce the secretion of exosomes through
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exocytosis.” However, whether Rab27a regulates the secretion of
most or distinct types of S-EVs is unclear. To address this
question, we performed a comparative EV Fingerprinting
analysis on 10 K and 100 K EVs purified from previously
characterized Rab27a shRNA-mediated knockdowns (KD1 and
KD2) and a scrambled shRNA control (Scr) in HT1080 cells
and examined the impact on individual EV populations.®*

The previously published reduction of S-EV secretion upon
knockdown of Rab27a was confirmed by NTA analysis of both
10 K and 100 K UC EV preparations, with ~50% reduction in
EV numbers observed in the 100 K preparations and no
reduction in EV numbers in the 10 K preparations (Figure
$8a,b).>*° The same 10 K and 100 K EV preparations from
Rab27a KD and Scr were subsequently analyzed by flow
cytometry after di8 labeling (Method #2). Congruent with NTA
data, a reduced number of EVs were detected by EV flow
cytometry for Rab27a KDs in the 100 K, but not the 10 K
preparations (Figure S8¢c and d). EV preparations were further
analyzed using the EV Fingerprinting workflow. Similar to the
PC3 analysis in Figure 3, EV Fingerprinting revealed differential
enrichment of EV populations across the HT1080 10 K and 100
K EV preparations (Scr 10 K vs 100 K, Figure 4a). Among these,
several 100 K EV populations from Rab27a KD cells appear
visibly reduced in the 100 K, while 10 K EV populations appear
unaffected (KD1 and KD2, clusters 7, 15, and 19 vs 26 and 27,
respectively, Figure 4a).

A detailed analysis of S-EVs and L-EVs was subsequently
performed to determine whether the loss of Rab27a impacted
select EV populations. For this evaluation the S-EV and L-EV
populations were defined according to their relative enrichment
in 100 K vs 10 K preparation and ranked according to their 488—
611 MFI (Figure S8e and Figure 4b). S-EVs were subsequently
defined as 100 K enriched EV populations in the lower quartile
of the MFI range (black, Figure 4b) while L-EVs were defined as
the 10 K enriched EV (red, Figure 4b). Since only four
populations matched the L-EV criteria, all were included in the
subsequent analyses.

The impact of Rab27a on select individual S-EV and L-EV
populations (gray boxes, Figure 4b) was assessed. While the L-
EVs are minimally impacted, the overall reduction in the S-EVs
is readily apparent (Figure 4c). However, not all S-EV
populations are impacted equally. Some EV populations were
reduced to <10% of the levels found in the control Scr cell line
(i.e, 7, 53, 12, and 57, Figure 4c) while others retained >40% of
the original levels (i.e, 35S, 43, 18, and 17, Figure 4c). This
variation suggests that Rab27a has a selective impact on distinct
S-EV populations.

This selective impact was investigated further by exploring the
correlation of EV size (Figure 4d) and membrane order (Figure
4e) to Rab27a-dependent EV production. Analysis of the
relative relationship between scatter and di8 fluorescence by
plotting the di8 488—611 MFI against SSC validates the size
stratification of S-EV and L-EV based on MFI (Figure 4d, R* =
0.87). When ranked according to their GP value and mapped
against cholesterol-containing standards it is evident that, similar
to the PC3 S-EVs, the HT'1080 S-EV populations vary greatly in
their membrane order while the L-EV populations exhibit a
midrange membrane order (Figure 4e vs Figure 3e).

To visualize the relationship between the relative size and
membrane order of an EV population and its reliance on Rab27a
for biogenesis, the relative abundance of each EV population
after Rab27a KD was plotted against its di8 MFI and GP values
(Figure 4f). It is immediately evident that S-EVs with high

membrane order (green circles) are reduced to a much greater
extent than S-EVs with a lower membrane order (blue, yellow,
and red circles) by Rab27a KD (size of circles on graph indicates
relative abundance of population after Rab27a KD). Indeed,
regardless of EV size (as estimated by MFI), S-EV populations
with a GP value greater than —0.15 are generally diminished
more than S-EV populations with a lower membrane order (blue
to red circles in Figure 4f).

Using T-REX® on the same UMAP embeddings, three
pairwise comparisons were performed as an unbiased con-
firmation of the effects of Rab27a KD on S-EVs (Figure 4g). The
pairwise comparison for L-EV preparations (10 K) from Scr vs
Rab27a KD cells revealed no significant changes, while a
comparison for S-EV preparations (100 K) identified numerous
populations impacted by the loss of Rab27a (Figure 4g). These
observations corroborate the specificity of Rab27a perturbation
on S-EVs while leaving the production of L-EVs mostly
unaffected.

EV Fingerprinting Identifies EV Populations Impacted
by CD63 Overexpression. The TSPAN CD63 is a common
EV cargo that has been shown to regulate biogenesis of S-EVs,
but whose role is poorly understood.””’*”" To gain an
understanding of its role in generating EV heterogeneity, we
evaluated the impact of CD63 expression on vesicle biogenesis
by comparing the EV Fingerprint of HT1080 cells over-
expressing CD63 (pHluorin-CD63) with that of control cells
(HT1080-Parental). Consistent with Sung et al,*” we observed
an increase in EVs by NTA in the 100 K UC EV preparation
from pHluorin-CD63 cells when compared to the 100 KUC EV
preparation from parental cells (Parental vs pHluorin, Figure
S10a). Elevated CD63 incorporation as an EV cargo from
pHluorin-CD63 cells was confirmed by Western blotting
(Figure S10b). Additionally, single-EV flow cytometry using
dual labeling of di8 and anti-CDé63 or control antibody (Iso,
Method #2) confirmed the increase in CD63-positive (CD63+)
EVs upon CD63 overexpression from 13% to 50% (Parental vs
pHluorin, Figure Sa and Figure S10c). This is accompanied by
an expected increase in CD63 fluorescence intensity (642—702)
for pHluorin (pHI) EVs over Parental (Par) EVs (Figure Sb).

EV Fingerprinting of 100 K EV UC preparations from
pHluorin-CD63 and Parental cells readily reveals increases and
decreases in distinct EV populations upon CD63 overexpression
(pHluorin vs Parental, Figure Sc). Heatmaps of these EV
populations ordered by relative size from large to small using di8
MFI (total median fluorescence (tFL), Figure Sd) were
evaluated for population-level changes of CD63 (Figure Sf—i).

As in Figure 3 and 4, the variations in membrane order are
greater among the smaller EVs (GP Value, Figure Se).
Additionally, the amount of cargo per EV is more abundant in
the larger EVs (CD63 MF], Figure Sf). Expression of CD63-
pHluorin increases this cargo in all EV populations (pHluorin
versus Parental, Figure 5f). Indeed, both the % and absolute
number of CD63 positive EVs are elevated (Figure Sgh
respectively). Interestingly, not all EV populations are impacted
equally. The relative % of CD63+ EVs was nearly universally
elevated (Figure Sg), but the number of CD63+ EVs did not
increase equally: populations 33 and 3 exhibited a greater
increase than all other populations. Indeed, a direct quantitative
comparison of EV populations from Parental and pHluorin cells
shows that populations 33 and 3 increased in both the absolute
number of EVs and the number of CD63+ EVs, with population
33 having the largest gain in number (Figure Sh). Interestingly,
the increase in the small EV population 33 was a very selective
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Figure 6. Multiplex analysis of the tetraspanins CD63 and CD81 using EV Fingerprinting reveals selective partitioning of cargos. (A) Scatter
plots of 100 K HT1080 EV preparation after multiplex staining showing gates for CD63 and CD81 on the same sample. (B) EV Fingerprint of
100 K HT1080 EV after multiplex staining using only di8 parameters (100% of each sample was included for a total of 1,476,691 events). Colors
represent particle density from high (red) to low (blue). (C) Total fluorescence (tFL) mapped onto the EV Fingerprint in B. Colors represent
di8 MFI from high (red) to low (blue). (D—H) Heatmaps of total fluorescence (tFL), membrane order (GP), CD63 and CD81 intensity (MFI),
and CD63 and CD81 status by percent and count for EV populations ranked from large to small EVs (decreasing tFL). (D) Heatmap of total
fluorescence (tFL) and (E) Heatmap of lipid order (GP). (F) Heatmap of tetraspanin (TSPAN) antibody signal by cluster for CD81 (642—702)
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Figure 6. continued

and CD63 (405—456). (G) Heatmap of TSPAN status represented by the number of events for TSPAN negative, single CD63+, single CD81+,
and dual+ (CD63+ and CD81+) in each population. (H) Heatmap of TSPAN status represented as the relative proportion of the population
(%). (I) Stacked bar plot with quantitative representation of negative (blue), single CD63+ (green), single CD81+ (yellow), and dual+ (red)
events in each population. (J) Stacked bar plot representing the TSPAN status as a proportion (%) of each population. TSPAN negative (blue),
single CD63+ (green), single CD81+ (yellow), and dual+ (red). (K—M) Linear regression analysis of TSPAN status vs EV size by population.
CD63 positive (K, R* = 0.91), CD81" (L, R* = 0.85), and dual positive (M, R* = 0.13) assessment.

increase with concomitant decreases in the absolute number of
EVs in other small EV populations (27, 36, 28, 25, 32, 24, 30 and
others) despite the increased number (and relative proportion)
of CD63+ EVs in those populations. Unexpectedly, there was
also an increase in several of the larger EV populations (3, 18, 9,
16 and others). Unlike the impact of Rab27a KD (Figure 4), the
expression of CD63 impacted EVs of intermediate liquid order
and not Lo or Ld EVs (Figure 5i). In addition, the EV
populations that are prominent recipients of the newly expressed
CD63 as a percent (Figure Sg) were also the populations that
increased in their relative abundance (Figure Si, inset).

Multiplex Detection of EV Cargo Reveals Divergent,
Nonrandom Distribution Associated with EV Hetero-
geneity. Given the selective impact of CD63 on EV biogenesis
and its prevalence in small EVs, we leveraged multiplexing of two
TSPAN cargos, CD63 and CD81, to determine if EV cargo may
indeed have a nonrandom distribution in EV populations. To
accomplish this, EV flow cytometry was performed on UC
purified HT1080 S-EVs (100 K) after triple labeling with di8,
and anti-CD63 and anti-CD81 antibodies (Method #2)
followed by gating for EVs that were cargo negative, CD63-
positive (CD63+), CD81-positive (CD81+), or positive for
both TSPANs (dual+) (Figure 6a, Figure S11). EV Finger-
printing identified approximately 40 populations (Figure 6b)
among which the variation in size can be visualized with a di8
MFI (tFL, Figure 6c). Heatmaps of these EV populations
ordered by size from large to small were used to further evaluate
population-level changes (Figure 6d—h). As in Figures 3—35, the
variations in membrane order are greater among the smaller
EVs, while the amount of cargo per EV is greater in the larger
EVs (Figure 6d—f). As expected by our previous work showing
that CD63 is an exosome marker,**® CD63+ EVs are more
abundant in populations of smaller EVs, both as CD63+ and
CD63/CD81 “dual+” EVs (Figure 6g—j). In contrast, CD81+
EVs are abundant in populations of both smaller and larger EVs
(Figure 6g—j). Visualizing these cargo distributions quantita-
tively as stacked bar graphs underscores how CD63 and CD81
partition differently into EVs according to the size. This is
particularly evident when plotting the cargo positive EVs as a
percentage of the population.

We observed an increasing proportion of CD63 positive EVs
in the small EVs, while the CD81 positive proportion increases
in larger EVs (Figure 6j). Even though CD63 and CD81 are
abundantly present in smaller EVs such as population 39, 26, 19,
and 31 (Figure 6i), the proportion that contains CD81 increases
for larger EVs while the proportion that contains CD63
increases for smaller EVs (Figure 6j). This observation is further
validated by linear regression analysis of the % cargo positive
EVs vs EV size (Figure 6k—m). The selective, nonrandom
distribution of two distinct cargos into distinct EV populations
further underscores the heterogeneity of EV populations.

DISCUSSION

EVs have been accredited with a wide variety of biological
activities." The basis for these functions is thought to lie in the
cargo composition of these vesicles which determines where and
how they can impact biological proces.ses.s_8 Indeed, bulk
analysis of purified EV preparation and single-EV analysis have
revealed that EVs vary greatly not only in size but also in cargo
composition.” To further investigate the heterogeneity of EVs,
we developed “EV Fingerprinting” as a method of high-
throughput, single-EV analysis that enables deconvolution of
EV populations and their characterization from complex
biological samples. Like other flow cytometry methods, EV
Fingerprinting distinguishes itself from bulk EV analysis
methods by allowing for the analysis of individual EVs and
their cargo. However, unlike other flow methods, EV Finger-
printing leverages the dimensional reduction of 20 parameters
collected from a fluorescent lipophilic environment-sensitive
membrane probe that reports on both EV size and membrane
order (Figure S3, S4 and Figure 2). The spectral shift in response
to membrane order enables di8 to resolve far more EV
heterogeneity than a static fluorophore, such as pHluorin-
CD63 (Figure S7). Clustering the data based on these features
revealed that cells produce a distinct array of EV populations
characterized by the size and composition of their lipid
membrane. The stability of these features is underscored by
their ability to guide cluster formation for three distinct
dimensional reduction algorithms (Figure S4). The final output
of EV Fingerprinting is a quantifiable stratification of EV
populations that enables the discovery of population-specific
changes in response to molecular perturbation.

The ability of EV Fingerprinting to report accurately on
changes in EV production was validated using orthogonal
methods such as conventional flow cytometry, nanoparticle
tracking, tunable resistive pulse sensing, and electron micros-
copy during the analysis of EV isolation using well established
DG-UC. Similarly, the evaluation of cargo was validated by
immunoblotting. However, unlike any established methods, EV
Fingerprinting provided resolution of individual EV populations
and enabled their characterization based on relative size,
membrane order, and cargo composition.

Using EV Fingerprinting, we obtained evidence that supports
the theory that EV heterogeneity is not stochastic but rather is
controlled by underlying mechanisms of EV biogenesis.
Specifically, molecular perturbations of EV production through
loss of Rab27a or overexpression of CD63 were shown to impact
select EV populations rather than perturb global EV production
(Figure 4 and S). Indeed, the loss of Rab27a selectively
decreased the biogenesis of S-EV populations with high
membrane order (Lo, Figure 4) while leaving L-EVs and S-
EVs with low membrane order (Ld) relatively unaffected.
Conversely, overexpressing EV cargo CD63 increased the
abundance of EVs in one S-EV population while decreasing
the abundance in several other S-EV populations. While both
Rab27a and CD63 affect S-EV populations, especially
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8,50,92,93
exosomes, the role of Rab27a as an endolysosomal

docking mediator is consistent with its ability to control a
broader group of S-EVs. To further explore the possibility that
cargo contributes to EV heterogeneity, we leveraged multi-
plexing of two distinct EV cargos to determine if they copartition
equally into the same EVs. CD63 and CD81 are both
transmembrane proteins of the TSPAN superfamily and
established EV cargo.'” While CD63 is a well-established
endosomal protein, CD81 is predominantly a cell-surface
protein, suggesting that they are regulated by different trafficking
processes.”'~~ Multiplexing di8 with anti-CD63 and anti-CD81
antibodies revealed that, while the two TSPANSs colocalize into a
subset of the smallest S-EV populations, as individual cargo they
exhibit opposing distributions across EV populations that
correlates to size. Specifically, CD63 is preferentially distributed
to smaller EVs while CD81 is preferentially distributed to larger
EVs (Figure 6). These data may reflect to some extent their
respective presence on endosomes and the plasma mem-
brane.””'*" However, our finding that CD63 overexpression
selectively boosts the number of EVs in one S-EV population
despite leading to an overall increase in the percent of CD63-
positive EVs across all populations (Figure S) indicates a
selective role for CD63 in EV biogenesis. This observation is a
distinctive example of selective cargo partitioning contributing
to vesicle heterogeneity in a nonrandom process that appears to
be regulated by protein trafficking.

Study Limitations. EV Fingerprinting is a multidimensional
strategy to deconvolve the complexity of EV heterogeneity.
However, as with all newly developed methods, EV Finger-
printing has limitations and potential for evolution. These
include: (1) The data acquisition by flow cytometry relies on
fluorescence triggering and is therefore limited by the instru-
ment’s ability to discern the particles from background. Diluting
the sample into background-free buffer or isolating the EVs may
be needed for optimal detection of S-EVs. (2) Non-EV particles
are commonly present in buffers and biological samples which
complicates the detection of true EVs by the flow cytometer. In
some instances, accurate detection requires the isolation of EVs
through selective methods such as DG-UC. (3) EV Finger-
printing demonstrates the value of fluorescent, single-EV
analysis. While a lipid incorporating dyes such as di8 should
detect the entire EV population, antibody- or molecular marker-
based detection (e.g,, anti-CD63 or pHluorin-CD63) will only
detect subsets of EVs. Indeed, EV analysis based only on
molecular detection may be misleading with respect to the EV
populations actually present. Consequently, new staining
strategies will require corresponding calibration strategies to
enable accurate interpretation. This study used liposomes of
known lipid composition to validate membrane order in our flow
cytometry-based assay, but new benchmarks will need to be
established for future methods. (4) While the current method
reveals the existence of distinct EV populations and enables their
characterization, the function and the molecular makeup of
these individual populations remains to be discovered. The
current study was limited to antibody multiplexing, but applying
our general method to sorting flow cytometry will allow for more
detailed characterization with label-free methods such as mass
spectrometry. In addition, performing gain-loss of function
assays after molecular perturbation with fully characterized EV
populations will elucidate which EV populations mediate
specific biological activities.

CONCLUSIONS

We introduce EV Fingerprinting as a single-EV analysis method.
The ability of EV Fingerprinting to resolve distinct EV
populations permits a detailed investigation of molecular
processes regulating the biogenesis, composition, and biological
function of EVs. In the future, this application may be extended
to clinical specimens to aid in translational research, as well as
biomarker development. Finally, results from analyses presented
here suggest that heterogeneity in EV populations is not
stochastic but rather is the product of specific regulation of
biogenesis and protein trafficking.

METHODS

Cell Culture and Reagents. HT1080 fibrosarcoma cells were
maintained in Dulbecco’s Modified Eagle Medium (DMEM) high
glucose (10-013-CV, Corning) supplemented with 10% bovine growth
serum (BGS, SH30541.03, HyClone). HT1080 cells carrying the
scrambled control or Rab27a-specific shRNAs (KD1 and KD2)® or
expressing pHluorin M153R-CD63°° were cultured under the same
conditions as the parental line. The prostate cancer cell line PC3 was
obtained from the American Type Culture Collection (ATCC) and
cultured in DMEM (Invitrogen). The DMEM was supplemented with
10% fetal bovine serum (Denville Scientific), 2 mM L-glutamine
(Invitrogen), and 1% PenStrep (Invitrogen). The cells were grown at
37 °C and 5% CO,. Cell viability of the EV-producer cells was tested
with the 0.4% Trypan Blue (Sigma) exclusion method. All cell lines
were routinely tested for mycoplasma contamination using the
MycoAlert PLUS Mycoplasma Detection Kit (Lonza).

Antibodies utilized included: anti-Rab27a (69298, Cell Signaling,
1:1,000 for WB), anti-B-actin (Ac-74, Sigma-Aldrich, 1:5,000 for WB),
anti-CD63 (ab68418, Abcam, 1:500 for WB), and anti-GM130
(610822, BD Biosciences, 1:250 for WB). Horseradish peroxidase
(HRP)-conjugated goat antimouse IgG (W4021, 1:10,000 for WB) or
goat-antirabbit IgG (W4011, 1:10,000 for WB) were purchased from
Promega. APC antihuman CD63 (353008, 1 pg/mL for FC), APC
antihuman CD81 (349510, 1 ug/mL for FC), APC mouse IgGl, k
isotype control (400120, 1 ug/mL for FC), BV421 antihuman CD63
(353030, 1 pug/mL for FC), and BV421 mouse IgG1, k isotype control
(400158, 1 pg/mL for FC) antibodies were purchased from Biolegend.

Extracellular Vesicle Isolation from Cultured Cells. Differential
ultracentrifugation (UC) isolation was performed on HT1080-derived
EV preparations as previously reported.**° Cell culture media was
collected from cultures maintained at 80% confluent cells for 48 h in
Opti-MEM (31985070, Thermo Fisher Scientific). The conditioned
media were centrifuged at 300g for 5 min and 2,000¢ for 20 min to
sediment live cells and cellular debris, respectively. The supernatant was
centrifuged at 10,000g for 30 min (Ti4S rotor, Beckman Coulter) to
collect L-EVs/10 K pellets. The supernatant from 10,000g
centrifugation was further centrifuged at 100,000g for 18 h (Ti4S
rotor) to pellet S-EVs/100 K pellets. Both the 10 K and 100 K pellets
were resuspended in phosphate-buffered saline (PBS) and respectively
spun again at 10,000g for 30 min or 100,000g for 3—6 h.

The isolation and density gradient purification of PC3 EVs was
performed as reported with minor modifications described
below.'>'*' 1% PC3 cells were grown in 18 X 150 mm cell culture
dishes (Corning) until 90% confluence, washed in PBS and serum-
starved for 24 h before the collection of cell conditioned media in serum
free-medium (same DMEM as cell culture conditions, minus serum).
The conditioned media was centrifuged at 300g X 3, 5 min each, to
pellet down floating cells, followed by centrifugation at 2,800g for 10
min to pellet 2.8 KL-EVs. The resulting conditioned media was spun in
an ultracentrifuge at 10,000g for 30 min (k-factor 2547.2) for the
collection of 10 KL-EVs and the supernatant was then spun at 100,000
for 60 min (k-factor 254.7) for the collection of 100 K S-EV. All
differential centrifugation steps were performed at 4 °C. 2.8 K, 10 K,
and 100 K pellets were either resuspended in 0.2 gm-filtered PBS and
used as differential UC pellets or subjected to further purification by
density gradient ultracentrifugation (DG-UC) on Optiprep (Sigma)
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density gradients. Specifically, freshly pelleted EVs were resuspended in
0.2 pm-filtered PBS and deposited at the bottom of an ultracentrifuge
tube. Next, 30% (4.3 mL, 1.20 g/mL), 25% (3 mL, 1.15 g/mL), 15%
(2.5 mL, 1.10 g/mL), and 5% (6 mL, 1.08 g/mL) iodixanol solutions
were sequentially layered at decreasing density to form a discontinuous
gradient. Separation was performed by ultracentrifugation at 100,000
for 3 h 50 min (4 °C, k-factor 254.7) and EV-enriched fractions
collected either at 1.10—1.15 g/mL for large EV or 1.10 g/mL for small
EVs.'? Purified EVs were then washed in PBS (100,000g, 60 min, 4 °C)
and resuspended in 0.2 ym-filtered PBS. All ultracentrifugation spins
were performed in a SW28 swinging rotor (Beckman Coulter).

Extracellular Vesicle Characterization. HT1080-derived pellets
were resuspended in PBS and used fresh for NTA using ZetaView
(Particle Metrix), Western blotting, or flow cytometry using the Amnis
CellStream (Luminex). EV-specific marker expressions were validated
in previous studies from our group.**° PC3-derived pellets were
resuspended in PBS and characterized fresh through TRPS using
gNano (Izon) and subsequently frozen at —80 °C before flow
cytometry analysis.

Liposome Preparation. 1,2-Distearoyl-sn-glycero-3-phosphocho-
line (DSPC), 1,2-dipalmitoylphosphatidylcholine (DPPC), and 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC), and cholesterol and
1,2-dimyristoyl-rac- glycero-3-methoxypolyethylene glycol-2000
(DMG-PEG2000) were obtained commercially (Avanti Polar Lipids).
Liposomes were prepared through the established extrusion method.'**
Briefly, lipids were desiccated for 2 h and allowed to reach RT. The
lipids, cholesterol, and DMG-PEG2000 were weighed at the indicated
ratios (Tables S4 and SS) and dissolved in chloroform, evaporated
using a nitrogen stream, and left under vacuum overnight to form a lipid
film. The film was rehydrated with PBS (pH 7.4) at 65 °C for 2 h with
vortexing and the vesicles were further processed with five freeze (liquid
nitrogen) and thaw (65 °C water bath) cycles. The nanoparticles were
extruded through stacked polycarbonate filters (400, 200, or 100 nm) at
least 10 times using a mini-extruder (Avanti Polar lipids, cat# 610000).
The size of liposomes was measured using dynamic light scattering
(Malvern Zetasizer).

EV Staining for Flow Cytometry. Molecular Crowding Buffer
(MC) Preparation and Storage. A 6.5% w/v solution of dextran, M, =
~100,000 (Millipore Sigma, Cat#: 09184) was prepared in DPBS
without calcium and magnesium (Corning, Cat#: 21-031-CM) to make
2X MC Buffer and filtered with a 0.2 um PVDF bottle filter (Millipore
Sigma, Cat#: S2GVUOSRE) in a sterile hood. 50 mL aliquots were
stored at 4 °C until use.

Lipophilic Dye Preparation and Storage. The dyes Di-8-ANEPPS
(Biotium, catalog no. 61012), F2N12S (3-hydroxyflavone, Thermo-
Fisher, catalog no. A35137) and Di-4-ANEPPDHQ_(ThermoFisher,
catalog no. D36802) were prepared as recommended by the vendor.
Dye solutions were then filtered with a 0.2 ym regenerated cellulose
syringe filter (Corning, catalog no. 431215) and individual aliquots
were stored at —20°C. Working solutions were prepared in DMSO
(Millipore Sigma, catalog no. D8418) to a concentration of S mM. Only
the aliquot actively being used was stored short-term at 4 °C. This S
mM stock was diluted fresh in DMSO before each experiment to make
the 25 uM working stocks used for staining buffers. Unless stated
otherwise, the final staining concentration was 2 yM.

Di-8-ANEPPS Staining Strategies. The staining strategy used was
dependent on the approximate particle concentration of the sample.
The methods are outlined below.

Method #1 (Figure Sla): This staining method was used for samples
with a low particle concentration (e.g,, conditioned media or dilute
purified EV) and is not amenable to multiplexing with antibody stains.
EV-containing samples and serial dilutions were prepared in MC buffer
and combined with the staining buffer prior to analysis (See Protocol).
The final staining volume for each sample was 100 L (S0 uL of sample
+ 50 L of staining buffer), and final di8 staining concentration was 0.25
uM. First, the staining buffer was prepared by diluting 25 M di8
working stock into a 2X MC buffer for a dye concentration of 2.5 yM
(1:50 in SO pL of 2X MC per sample). Staining buffer was spun at
16,100g (max speed) at RT for 15 min. In the meantime, sample
dilutions were prepared in PBS for a final volume of 50 yL. Finally, S0

UL of spun 2 staining MC buffer was added to 50 L of diluted sample
for a final staining volume of 100 #L, and di8 concentration of 0.25 M.
Samples were stained at RT in the dark for 1 h, then directly distributed
in a 96-well round-bottom plate (Fisher Scientific, Cat#12565500) for
flow analysis.

Method #2 (Figure S1b): This staining method was developed for
samples with a high particle concentration (i.e., Purified EV samples,
most synthetically derived nanoparticles, and liposomes) and supports
the use of antibody staining. In principle, staining buffer and sample
dilutions were prepared separately and combined for staining as in
Method #1, but also includes a poststain 1:200 dilution. The final
staining volume for each sample was 25 uL (14.5 uL of staining buffer +
10.5 uL of diluted sample OR 14.5 uL of staining buffer + 8 uL of
diluted sample + 2.5 L of antibody), and the staining concentration of
di8 was 2 yM. First, the staining buffer was prepared by diluting 25 uM
di8 working stock into 2X MC buffer. If used, antibodies were diluted in
PBS to specified volumes (see the single antibody and multiplex
protocol). Staining buffer and diluted antibodies were spun at 16,100g
(max speed) at RT for 1S min protected from light. In the meantime,
sample dilutions were prepared in PBS. Diluted sample, spun staining
buffer, and spun antibody (if used) were then combined for the final di8
concentration of 2 #M and each antibody concentration 1 ug/mL,
vortexed briefly and quickly spun to make sure the full 25 L staining
volume was collected at the bottom of the microcentrifuge tube, and
stained for 1 h (—antibodies) or 3 h (+antibodies) at 37 °C in the dark.
Poststain dilution tubes were then prepared with 1 mL of 1:1 MC
buffer/PBS solution. Once staining was complete, samples were diluted
1:200 using the prepared poststain dilution tubes. Samples were then
distributed in a 96-well round-bottomed plate for flow analysis.

NP-40 EV Lysis. EVs were stained using Method #2 above. After
staining 1 h at 37 °C (prior to poststain dilution of 200x), S uL of 3%
NP-40 was added to the stained sample making a final lysis volume of 30
pL at 0.5% NP-40. Samples were lysed for 15 min at RT, vortexing every
S min. Finally, poststain dilution of 200X proceeded as in staining
Method #2.

Flow Cytometry Data Acquisition Using the Amnis CellStream. All
data was collected on an Amnis CellStream (Cytek) equipped with four
lasers (405, 488, 561, and 642 nm) and a 96-well plate autosampler.
The instrument was calibrated and initialized before each run according
to the manufacturer’s instructions. Acquisition settings were then
configured as follows: Small Particle Mode = ON, Flow Rate = SLOW
(3.66 uL/min), Thresholds = ZERO, Trigger Channels = NONE,
FSC/SSC Laser Power = 1%, 488 nm Laser Power = 25%, and if
antibodies were used, 642 Laser Power = 50% and 405 Laser Power =
50%. Stopping criteria was set to TIME and data was collected for
specified durations by experiment. Compensation was not performed.

Data Analysis. Initial data review and quality control was performed
in Cytobank.'%® Samples were assessed for the event count and signal
intensity across dilutions. Specific signal was delineated from the
background by comparing di8 and antibody-stained samples with
buffer, unstained EV, and isotype controls. Data were plotted upon the
asinh transformation. Samples with event counts in the quantitative
range (Figure S7) were selected for analysis in the EV Fingerprinting
workflow and subsequent data output was uploaded to Cytobank for
visualization (Figure SS).

EV Fingerprinting Analysis Workflow. The analysis workflow was
executed in the KNIME Analytics Platform®**® using Python 3.6
running on a Mac Pro (early 2008, with 14 GB 800 mHz DDR2 FB-
DIMM memory connected to an external storage array (RAIDS).

The workflow consists of two stages (Figure S5). In the first stage, a
randomized portion of each. fcs file is processed for exploration. In the
second stage, clusters of interest can be re-examined by selecting and
filtering clusters from the full data set for comprehensive analysis. In
each stage the flow data is asinh transformed and embedded in 2D
(UMAP),*"** followed by cluster identification (HDBSCAN).>***
Both UMAP and HDBSCAN algorithms can be parametrized
externally (Table S6). Re-examination was executed similarly, using
XGBoost to filter EVs belonging to the clusters of interest from the
original sample files. For experiments with antibody staining, the
antibody emission parameters were included in the parameter selection
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in addition to the di8 parameters (Table S2). EV population
classification results were exported as. csv files for downstream analysis.

EV Population Analysis. Individual data files for each analyzed
sample as well as a table containing data grouped by Cluster ID were
written and exported as csv files. UMAP plots were graphed in
Cytobank by uploading individual data files to Cytobank using the
Cluster_ID’s as “automatic cluster gates”, a column recognized by
Cytobank as designated clusters for gating.

Quantitative Analyses. Statistical analyses and other graphing were
performed in Excel (version 16.60), Prism (version 9.2.0), R (version
4.1.3) and DataGraph (version 4.7.1). 488—611 MFI by cluster was
calculated from the grouped data table by including all samples in the
cluster, excluding buffer controls. We considered an EV positive for an
antibody when the number of events were absent or low (<1% of total)
compared to the negative controls (dual stained buffer + antibody, dual
stained EV sample + antibody). Statistical assessment of one biological
replicate (n = 1) are shown in main figures. Qualitative assessment of
trends was performed on biological replicates (n > 2) for each
experimental condition. In total, at least three biological replicates were
analyzed for each experiment (n > 3). Technical replicates were
included in all experiments as serial dilutions or repeated reads.

Generalized Polarization (GP) Value Calculation:

GP = [emission intensity 611 nm — emission intensity 702 nm]

[emission intensity 611 nm + emission intensity 702 nm]

Total Fluorescence (tFL) Calculation:

_ [emission intensity 611 nm + emission intensity 702 nm]
B 2

tFL

T-REX Analysis. An independent pairwise analysis of changes in EV
populations was performed using a recently developed machine
learning algorithm: T-REX (Tracking Responders EXpanding)89 inR
(version 4.1.3). The data input for T-REX was a pair of samples in csv
format generated by the EV Fingerprinting pipeline for each
comparison of interest. In a comparison, T-REX equally sampled
events from the paired data and used KNN with a k-value of 60 to find
regions of difference between samples on the UMAP axes. These
“hotspots” reflect both positive regions (elevation under condition one)
and negative regions (elevation under condition two) across the
pairwise sample comparisons. For KNN regions containing greater than
or equal to 95% of events from one of the samples (dark blue for sample
1 and dark red for sample 2), events were clustered using DBSCAN
(eps = 1, minPts = 1).106

Degree of MISEV Compliance. Preanalytical variables such as
isolation conditions®'>**'%' 71 and EV storage prior to analysis were
reported as recommended by MISEV guidelines except for cell viability
and number, which was not quantified but monitored visually.*’~*
Size-based nomenclature was used unless morphology and protein
cargo indicated specific cellular origination (e.g, Golgi). Protein
markers used in the Western blot conform to MISEV recommenda-
tions. Limitations to optical imaging and other EV characterization
methods were reported. Sample preparation and staining, including
assay controls, were detailed in the Methods section. EV detection was
assessed using serial dilutions to determine the quantitative range for
every experiment and detergent-treated EV samples. The CellStream
instrument was calibrated prior to every experiment by using vendor
beads. Instruments were calibrated before each experiment, and settings
for data acquisition were reported for every experiment. Given the
limitations of the CellStream, conventional forward scatter for size
calibration was not performed; instead, fluorescence vs SSC was used as
a relative measure of EV size by cluster. EV characterization was
performed using the EV Fingerprinting methodology; observations
made by dimensional reduction of 20 parameters were further
characterized by mapping defined EV populations against sizing and
lipid composition standards.
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