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Abstract

Unresolved inflammation compromises diabetic wound healing. Recently, we reported that
inadequate RNA packaging in murine wound-edge keratinocyte-originated exosomes (Exo,) leads
to persistent inflammation [Zhou, X.et al. ACS Nano 2020, 14(10), 12732-12748]. Herein, we
use charge detection mass spectrometry (CDMS) to analyze intact Exo,. isolated from a 5

day old wound-edge tissue of diabetic mice and a heterozygous nondiabetic littermate control
group. In CDMS, the charge (2) and mass-to-charge ratio (/77/2) of individual exosome particles
are measured simultaneously, enabling the direct analysis of masses in the 1-200 MDa range
anticipated for exosomes. These measurements reveal a broad mass range for Exo, from ~10 to
>100 MDa. The mand zvalues for these exosomes appear to fall into families (subpopulations);
a statistical modeling analysis partially resolves ~10-20 Exo, subpopulations. Complementary
proteomics, immunofluorescence, and electron microscopy studies support the CDMS results that
Exo, from diabetic and nondiabetic mice vary substantially. Subpopulations having high z (>650)
and high m (>44 MDa) are more abundant in nondiabetic animals. We propose that these high
mand z particles may arise from differences in cargo packaging. The veracity of this idea is
discussed in light of other recent CDMS results involving genome packaging in vaccines, as

well as exosome imaging experiments. Characterization of intact exosome particles based on the
physical properties of mand z provides a new means of investigating wound healing and suggests
that CDMS may be useful for other pathologies.

Graphical Abstract
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INTRODUCTION

Exosomes, a subclass of extracellular vesicles (EVs) having diameters of ~30-150 nm, are
secreted by all cell types.1-2 These particles can contain influential cargo including genetic
materials, proteins, glycoproteins, complex carbohydrates, and secondary metabolites.1-3
The lipid membrane surfaces of exosomes include recognition species that bind receptors
of other cells, leading to the transfer of exosomal cargo.* This mechanism of cell-to-

cell communication is now associated with numerous pathologies (e.g., inflammation,®
immunity,7 cancer metastasis,8-11 and wound healing!?). Because of this, understanding
the physical and chemical characteristics of these particles is important and attracts
considerable attention.12-14

Recently, we examined exosomes found at wound-edge sites in wild-type nondiabetic
(WT) mice.12 We reported evidence that keratinocyte-derived exosomes (Exo,) from the
wound-edge tissue of WT mice carry signals to macrophages (wmg) at the wound site,
enabling crosstalk between cells.12 Exosomal packaging of microribonucleic acid (miRNA)
is selective and involves the recognition of exomotif sequences by small ubiquitin-like
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modifier (SUMOylated) heterogeneous nuclear ribonucleoproteins (hnRNPs).1%:16 We found
that the inhibition of hnRNP-dependent mechanisms results in persistent inflammation in
mice.12 Santangelo and co-workers suggested that the loading of hnRNP may involve
multiple molecular species and that binding to specific exomotifs varies, suggesting
cooperative interactions between hnRNP proteins.18 From this hypothesis, we infer

that miRNA packaging into Exo,. affects the wound inflammation response. Persistent
inflammation at the wound site is a common complication in diabetic wound healing.17-21
Unlike WT animals that undergo efficient wound healing, wound closure in diabetic mice is
delayed, which leads to persistent inflammation.1’

Below, we explore the use of charge detection mass spectrometry (CDMS) as a means

of discerning differences between Exo, particles isolated from the wound-edge tissue of
diabetic and nondiabetic mice. While there are multiple ways of performing CDMS,22-25 an
electrostatic linear ion trap was used here. In CDMS, single particles oscillate back and forth
in an electrostatic linear ion trap where they make multiple passes through a charge-sensitive
amplifier that simultaneously measures the charge (2) and mass-to-charge (/m/2) ratio for
each ion. The product of the combined measurements enables the direct determination of the
mass distributions of large molecules in the MDa-to-GDa regime, far beyond the ~1 MDa
limit of conventional mass spectrometers.23:25-28 The measured CDMS spectra of intact
Exo, from 5 day wound-edge tissue of diabetic and nondiabetic mice show that distributions
of particles can be grouped into multiple families (subpopulations) based on similarities in
myvs z. Moreover, the distributions of particles from nondiabetic mice differ from those
measured for diabetic mice. The ability of CDMS to capture these differences is significant
because it suggests that the physical properties of exosome mand z could be used to
distinguish between physiological states. Based on our previous observations of the crucial
role of hnRNP-dependent mechanisms in sorting miRNAs into nondiabetic Exo,. and the
low abundance of hnRNP Q in diabetic mice,1° we speculate that the dearth of high /mand
zsubpopulations observed in diabetic Exo, may be associated with compromised packaging
in exosomes. Comparisons of these data sets suggest that some subpopulations derived from
a single-cell lineage may be implicated in the symptoms of diabetes.

EXPERIMENTAL SECTION

General.

Detailed descriptions of the electron microscopy (EM) measurements,2%:30
immunoprecipitation and microscopy,31:32 complementary nanoparticle tracking,33 and
proteomics studies are provided in the Supporting Information (SI). Except for CDMS, all
experimental measurements were carried out using commercially available instrumentations
and established protocols. Therefore, we limit a discussion of these more standard
experiments to the SI.

Animals and Sample Preparation.

Homozygous (BKS.Cg-Dock7™ +/+ Leprd®/J or db/db) and heterozygous (BKS.Cg-Dock7™
+/+ Leprd/J or m+db) mice were obtained from Jackson Laboratory (Bar Harbor, ME). The
animals used for the experiment were 12—14 weeks old. All animal studies were performed
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in accordance with the protocols approved by the Laboratory Animal Resource Center of
Indiana University. Keratinocyte-specific exosomes were isolated from mice wound tissues,
as described previously.12 Briefly, mice were anesthetized using a 1.5% isoflurane inhalant
and transfected using tissue nanotransfection (TNT) with a cocktail of mouse Keratin14
promotor-driven plasmids expressing the mouse-specific cluster of differentiation (CD) 9,
CD63, and CD81 proteins with an in-frame green fluorescent protein (GFP) as a reporter.
One day post-TNT, four 8 mm excisional wounds were created on the dorsal skin adjacent
to the midline. Five days post-TNT, the wound-edge tissue was collected and snap-frozen.
The tissue was homogenized, suspended in phosphate-buffered saline (PBS), and briefly
centrifuged. The supernatant was sequentially centrifuged at 5000¢ for 15 min and 20

000g for 45 min. The supernatant was incubated with GFP-trap magnetic agarose beads
(Chromotek, Islandia, NY) at room temperature for 4 h. Exosomes were isolated using
magnetic separation and washed thrice with PBS. Exosomes were separated from beads
using a 0.2 M glycine (pH = 3) solution. The pH was adjusted using 1.0 M tris. Exosomes
were pelleted by ultracentrifuging at 245 000g for 2 h. The resulting exosome-containing
pellet was resolubilized in ~500 £ of 200 MM ammonium acetate and was used for further
analysis.

CDMS Measurements.

Samples containing intact exosomes in 100 mM ammonium acetate were analyzed by
CDMS using an experimental approach described in detail previously.3* Briefly, ions

were generated using a nanoelectrospray source and introduced into a prototype CDMS
instrument through a capillary inlet.35-37 Upon entering the instrument, ions are transported
through a hybrid ion funnel-ion carpet (FUNPET) and thermalized in an RF-only
hexapole.38 Thermalized ions enter an RF-only quadrupole high-pass filter (>12 000 777/2)
that eliminates molecules that are below the expected size range of exosomes. lons exiting
the quadrupole are focused onto a dual hemispherical deflection energy analyzer (HDA) that
transmits a narrow band of energies centered around 100 eV/z The narrow distribution of
energy-selected ions is focused onto a modified cone trap that contains the charge detection
cylinder. After a trapping period of 100 ms, the trap was opened (both end caps set to
ground). The ion oscillating through the detection cylinder induces a periodic signal, which
is amplified, digitized, and analyzed using fast Fourier transforms. The m/zis derived from
the fundamental frequency, and the charge is derived from the magnitude of the fundamental
frequency and the first harmonic.23:25.27.28.39-44 The mass of each particle is obtained by
multiplying its measured m/zand zvalues. The distribution of particle masses spans a wide
mass range (>100 MDa in some cases). The mass of each exosome is accumulated into
100-400 kDa bins to plot the mass spectra for the ensemble of particles. In some cases,

the detected ions fall into bands associated with their m/zand zvalues. The abundances of
these subpopulations are analyzed using a statistical two-dimensional GMM technique, the
mechanics of which are described in the SI.
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RESULTS AND DISCUSSION

Example CDMS Analysis of Diabetic versus Nondiabetic Murine Wound-Edge Keratinocyte-
Derived Exosomes.

Figure 1a,b shows the m versus zscatter plots for the nondiabetic (N1) and diabetic (D1)
samples, respectively. While most particles (~90%) fall into a broad family extending from
m~1MDa upto 75 MDa and z~ 50 e up to 950 e, the population densities of specific

mv/z distributions differ between N1 and D1 measurements. Specifically, in the D1 sample,
a greater abundance of particles with a median m/zof 43 834 (m~ 21.5 MDa and z~ 400
e) is observed when compared to N1. A feature observed in both sample sets is a densely
populated distribution of particles extending from /7~ 40 MDa up to 70 MDa and z~ 600
e up to 720 e. Of particular interest are the high mand high zpopulations centered at m ~
44.5 MDa, ~68.8 MDa (unique to nondiabetic samples), and ~17.7 MDa (more abundant in
diabetic mice). Another less populated region extending from /m~ 63 MDa up to 175 MDa
and z~ 709 e up to 1190 e is also conserved between both sample sets. However, this feature
in N1 begins at m~ 73 MDa and extends up to 77~ 196 MDa (Figure S13).

Figure 1c shows the mass spectra for the nondiabetic (N1, red trace) and diabetic (D1, black
trace) samples that are obtained by integrating across the entire distribution of charges for
both samples. Overall, these broad mass distributions in the N1 and D1 samples are very
similar in appearance. Both N1 and D1 contain a sharp peak centered at /77~ 2 MDa, and
the abundance of this peak decreases at /m~5 MDa. N1 contains a peak at /77~ 10 MDa
compared to D1, which has no distinct peak in this range. N1 also contains a new feature
corresponding to larger particles appearing at /7~ 22 MDa and increasing in abundance
until plateauing at /77~ 35 MDa. However, in the D1 distribution, two unique features are
apparent. The first feature begins at /m~ 18 MDa and increases in abundance until plateauing
m~ 25 MDa, and the second feature appears at /m~ 32 MDa and plateaus at m~ 34

MDa. At higher masses, the intensity decreases until /7~ 120 and /m~ 90 MDa for N1 and
D1, respectively. The largest particle (beyond the range of masses shown in Figure 1) was
observed for only N1 at /=300 MDa and z= 1529 e. The largest particle for D1 was
observed at m=174 MDa and z= 1150 e.

There are some differences in the abundances of various species between these samples.
Comparison of the abundances in binned mass distributions from 22 to 300 MDa corrected
for the length of the CDMS measurement indicates that the N1 distribution has a greater
abundance of larger-sized particles, ~10% more than D1. Furthermore, the N1 Exo,. overall
average mass (/m= 37.8 MDa) is ~10 MDa greater than D1 (m = 27.3 MDa).

Complementary Size Information from Electron Microscopy Measurements.

To gain more insight into both nondiabetic and diabetic Exo,. samples, we characterized

the size distributions by EM (experimental details are included in the SI). Figure 2 shows
representative EM images for the same Exo,. samples that were analyzed by CDMS and
shown in Figure 1. Particle diameters as low as 15 nm and up to ~190 nm are observed.
Arrows in Figure 2 indicate particles having diameters that are near the median value (~71
nm) for the distribution. Particles having diameters below 20 nm are too small to be ascribed
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to exosomes. A summary comparing the size distributions of both samples is also shown

in Figure 2. From the measured diameters of a total of 1012 particles (506 particles each

for the nondiabetic and diabetic samples), we find that 94% correspond to the size range
expected for exosomes. A comparison of the diabetic and nondiabetic Exo, samples shows a
small difference in size. The average diameter associated with the nondiabetic Exo, sample
is larger (~78 nm) compared with that determined from the diabetic sample (72.1 nm). This
result is consistent with the differences in mass distributions for these samples shown in
Figure 1; N1 has a greater abundance of larger mass particles compared to D1.

GMM Analysis of CDMS Spectra from Diabetic and Nondiabetic Keratinocyte-Derived
Murine Exosomes to Estimate Subpopulations.

GMM has been used previously to analyze CDMS measurements of intact milk exosomes
and to quantitatively examine subpopulations of exosomes within those measurements.2?
We applied this analysis to six separate CDMS measurements of Exo, derived from three
independent N samples and three independent D samples (included in the SI). The results of
the GMM analysis for the N1 and D1 samples are shown in Figure 3. This analysis indicates
that many subpopulations coexist and are statistically discernible. A summary of the average
two-dimensional peak positions and associated uncertainties for the N1 and D1 samples is
provided in Table 1. The subpopulations for all six separate preparations are provided in the
SI. We named these populations in order of the lowest mass (S1) to highest mass (520). The
color ascribed to each subpopulation shown in Figure 3 is denoted in Table 1. The GMM
analysis estimates a total of 16 and 13 subpopulations for N1 and D1, respectively. The
boundary of each two-dimensional GMM varies (inherent to the GMM), but the centers of
each subpopulation are reproducible (1.9 MDa, and +24 ¢). In total, this analysis indicates
that 19 subpopulations are found in the N1 and D1 samples shown in the figures. [We note
that when all six samples are analyzed, there are a total of 20 unique subpopulations]. For
the N1 and D1 samples shown in the figures, 10 are conserved. That is, the peak centers and
widths of 10 (S1-S5, S8, S9, S11, S14, and S20) of the 19 families in these two samples are
very similar in both samples. Note that the abundances of these subpopulations vary, and this
variation provides insight into the overall shifts in the mass distributions for N1 and D1. As
an example, consider Figure 1c; the relative abundance of smaller particles is larger for D1
than for N1. Examination of the populations in Figure 3 shows that one of the contributors
to this difference is the S4 subpopulation, centered at /7= 13.6 £ 6.5 MDa and z=289.1 +
125 e. In the D1 sample, the S4 subpopulation comprises ~18% of the population, whereas
S4 makes up only ~9% of the N1 particles. A feeling for the different relative abundances
of those subpopulations that are in common to both samples can be obtained by examining
Table 1.

In some cases, subpopulations that are in common also have very similar abundances. For
example, the S14 subpopulation (at m=51.0 £ 12 MDa and z= 667 + 97 MDa) comprises
~10% of both N1 (1539/14 883 particles) and D1 (1329/14 305 particles). The inset in
Figure 3 shows another interesting aspect of this family; across a narrow range of charges,
the mass spectral peak is quite sharp, and a comparison of the overall positions, shapes, and
abundances shows that this subpopulation is highly conserved for the N1 and D1 samples.
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Several of the GMM subpopulations are apparently unique to either N1 or D1. Such
differences could be important as they may be associated with variations in inflammation
and wound healing. For example, as indicated in Table 1, the S7, S10, and S16
subpopulations are observed in significant abundance in only D1. The S6, S12, S15, and
S17-S19 subpopulations are only in significant abundance in the N1 sample. Some of the
most striking differences observed between the conserved families for both the N1 and D1
samples were the three subpopulations having high z. The lowest /77 subpopulation of the
three, S5, is centered at m=17.7 £ 9.2 MDa and z=532.4 + 205 e and was observed in
measurements of all six samples (see the SI). In the data shown in Figure 3 for N1 and D1,
the S5 subpopulation is an order of magnitude more abundant in the D1 sample. The high
mand zS12 subpopulation, centered at /m=44.3 £ 21 MDa, and z= 837 + 285 e, is not
observed in D1 and comprises 6% (874/14 883 particles) of the total N1 distribution. Finally,
the highest mand z subpopulation, S19, is unique to all nondiabetic Exo,. samples (centered
at m=67.4 +21 MDaand z= 1216 + 350 e) and comprises 2% (276/14 883 particles) of the
total.

Comparison of Size Distributions Obtained from CDMS Data with Size Distributions
Obtained from EM Measurements.

As a final assessment of the CDMS data, we compared the measured mass with the
distributions (Figure 2) from the EM imaging. Particle diameters measured by EM are
determined from an average Feret’s diameter for each particle. Examination of the EM

data shows that particles may vary in shape, highlighting the possibility that dehydration
during sample processing may alter exosome shape.*® With this factor in mind, it is still
useful to compare the CDMS data with those from the EM measurements shown in Figure
2. For this comparison, particle diameters are derived from CDMS mass measurements
using an average exosome density of 1.17 g/mL*6 and assuming that particles are spherical
and that exosomal contents are retained upon electrospraying samples into the gas phase.
Figure 4 shows a comparison between N1- and D1-estimated size distributions (for each
GMM-estimated subpopulation of the CDMS data). The CDMS-derived diameters for both
N1 and D1 samples indicate broad size distributions ranging from ~15 to 93 nm. We

note that the large differences in these diameter distributions originate from the same
subpopulations discussed above for the mass spectral distributions. The N1 distribution has
a greater median diameter (47.2 nm) compared to D1 (40.5 nm). While the median values
of the EM- and CDMS-derived diameters differ slightly, diameters from both methods
exhibit the same trend: exosomes from the diabetic samples have a smaller median diameter
compared to those from the normal samples. Discrepancies in the absolute values may result
from differences in the ways that factors such as dehydration affect the particles in each type
of analysis. For example, particles may flatten to adhere to grids during EM, which leads to
inflated diameters.

Proteomic Analyses.

LC-MS/MS-based proteomics can be used to characterize the proteins in each Exo, sample
(experimental details are included in the SI). Across four separate proteomic measurements
of all six separately prepared Exo, samples, we identified 505 proteins, of which two
proteins are unique to the nondiabetic Exo, cohort. Since both Exo, cohorts are derived
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from the same cell type, it is not surprising that there is a significant overlap in the
identified proteins. However, the abundances and, in turn, the enrichment across samples
can give insight into the wound healing process. Recently, we published evidence that the
nondiabetic Exo, are major contributors that regulate macrophage trafficking and epithelial
barrier properties post injury.}2 The activated complement system is known to have a
profound inflammatory response to a tissue injury.#’ In the nondiabetic Exo, cohort (which
can effectively wound-heal), both complement protein 6 (C6) and C7 were upregulated

by a factor of ~19 and ~16, respectively. Additionally, periostin (Postn), a protein that
plays an important role in wound healing*® and is upregulated after a skin injury, was
deficient in mice that exhibited delayed wound healing.#8-50 Postn was upregulated by a
factor of ~14 in nondiabetic Exo, samples compared to that in diabetic samples, further
emphasizing characteristically poor wound healing outcomes in diabetics. The diabetic
Exo, samples contained several upregulated proteins involved in neutrophil activation

and innate immune response known to be important in inflammation.>! For example, the
WD repeat-containing protein 1 (Wdrl), which mediates neutrophil immunity (a process
involved in the inflammatory response), was upregulated by a factor of 6 in diabetic Exo,.
Additionally, CD177, a known marker for neutrophil activation found to be elevated in
purified neutrophils of septic shock patients, was upregulated by a factor of 3 in diabetic
Ex0,.5253

Analysis of the proteome also revealed multiple characteristic exosome markers [e.g.,
tumor susceptibility gene 101 protein (TSG101), heat shock cognate 71 kDa protein
(HSPAB), actin (ACTB), etc.]. The complete analysis identified over 50% of the top

100 reported exosomal proteins.>* The 505 proteins identified across both cohorts were
submitted to DAVID (https://david.ncifcrf.gov/) for gene ontology enrichment analysis to
obtain a broader view of exosome composition. Of the 505 proteins submitted, 475 were
annotated in DAVID. Cellular compartment analysis revealed that ~75% (355/475) of the
proteins identified were denoted as pertaining to exosomes. To further evaluate the exosomal
composition in the context of wound healing, a biological process analysis is helpful. Over
50% of proteins searched in DAVID are involved in several biological processes associated
with various stages of the wound healing process. For example, ~6% are involved in the
complement activation pathway (both classical and alternative) and ~7% participate in an
innate immune response.

Biological Hypothesis for the Observed Differences of the High m and z Families Found in
Diabetic and Nondiabetic Animals.

Our previous study revealed that Exo,.are critical for the resolution of inflammation.12
Inhibiting hnRNP-dependent mechanisms, involved in packaging miRNA into exosomes,1®
resulted in persistent inflammation in nondiabetic mice post wounding.12 Recent findings
from chronic wound tissue and fluid indicate a continual competition between inflammatory
and anti-inflammatory signals, leading to an unbalanced environment.}” Such persistent
inflammatory symptoms fail to progress toward successful wound healing (a typical
complication with diabetic wounds, as mentioned).1’
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The CDMS analyses presented above reveal increased abundances of some high mand

Z Exo, subpopulations in nondiabetic mice (e.g., S12, S19) relative to Exo,. from the
diabetic mice. Could these types of particles be associated with, or perhaps even necessary
for, wound healing? One important ramification of the degree of charging associated with
a specific particle is that a particle’s charge depends upon its structure. Because of this
correlation, CDMS measurements of charge can be used to infer information about the
structure.>® For example, recent CDMS studies of adeno-associated virus (AAV) found
that populations for empty versus full capsids did not show an increase in charge, which
indicated that the DNA cargo was fully encapsulated.>® This result is interpreted as evidence
that empty and full capsids have similar structures. Analogous CDMS measurements of
the Rotateq vaccine revealed that partially exposed genomes, as well as particles where
double-stranded RNA is believed to be on the surface, lead to a substantial increase in
charge.®’

In the case of Exo, derived from the wound edges of nondiabetic and diabetic animals,
enhanced abundances of the S5, S12, and S19 subpopulations in the nondiabetic animals
are resolved because they accommodate more charge than other Exo,. of similar mass.

We speculate that this difference might arise because of disparities in cargo packaging;
specifically, the failure of diabetic mice to efficiently package cargo could explain the low
abundances of these higher zsubpopulations (S5, S12, and S19) in the diabetic animals. As
noted, the ability of a particle to carry excess charge depends upon the electrostatic nature of
its surface and thus its morphology. For a particle of a given mass, nonspherical structures
such as oblate or prolate geometries, or species with packaged material that extends from
the surface of the particle, can carry additional charge because such geometries reduce
repulsive Coulombic interactions, as shown in Scheme 1. The enhanced abundances of the
high 2S5, S12, and S19 subpopulations observed in nondiabetic exosomes suggest that
these particles are structurally different from exosomes from diabetic animals. For example,
as shown in Scheme 1, Exo,. having cargo that extends from defects on the surfaces3C or
other nonspherical geometries may explain the presence of these populations in nondiabetic
animals and their involvement in resolving inflammation at the wound site.

One approach to investigating the possible origins of the differences observed in Figure
3 is an immunofluorescence microscopy experiment to evaluate the expression levels of
hnRNP Q.16 Figure 5 shows representative coimmunofluorescence images of hnRNP Q
counterstained with DAPI in the wound-edge tissue of diabetic and nondiabetic Exo,.
These data show that diabetic mice have a low abundance of hnRNP Qin wound-edge
keratinocytes. This finding is consistent with the idea that the absence of high z Exo,
S5, S12, and S19 subpopulations may be associated with the compromised packaging of
miRNA in diabetic mice. We know that many factors may contribute to the increased
mass and surface-charging characteristics observed in nondiabetic mice. We note that the
mechanisms of hnRNP sorting into exosomes are unknown. However, it seems plausible
that impaired hnRNP Q-induced sorting of RNA may influence the overall charge and
size distributions of diabetic wound-induced Exo,. Of course, many other factors may also
influence inflammation and wound healing.>8
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SUMMARY AND CONCLUSIONS

Distributions of masses and charges of nondiabetic and diabetic Exo,. particles were
analyzed using CDMS. In total, 54 974 single particles were detected by CDMS across

six separate Exo,. samples (three diabetic and three nondiabetic). Complementary EM-
and MS-based proteomic studies were also performed on each of the samples. In all
samples from both sample types, the distribution of particles detected by CDMS has
masses spanning a broad distribution (from /7 ~1 to ~75 MDa). A comparison of the mass
distributions indicates that Exo,.extracted from nondiabetic animals show an enrichment
in high mass species compared with particles derived from diabetic mice. These species
shift the overall mass distribution such that Exo,. derived from nondiabetic animals have an
average mass that is ~10% greater than particles from diabetic animals. EM measurements
of Exo, particle diameters (combined with information regarding exosome densities)
show a similar shift, corroborating the CDMS finding. A visual inspection of mvs z
distributions from CDMS measurements shows that particles appear to fall into families.
While these subpopulations are broad, some partially resolved features are apparent. A
statistical analysis using a two-dimensional Gaussian model of the data suggests that ~10—
20 unique subpopulations (across all six samples) may be resolvable based on mass and
charge. The most dramatic differences observed between nondiabetic and diabetic Exo,.
are found for high m (=44 MDa) and z (=650 e) subpopulations. Based on our previous
findings regarding the hnRNP-dependent mechanism’s crucial role in sorting miRNAs into
nondiabetic Exo,,12 we suggest a possible biological origin for the dearth of high mand z
subpopulations observed in diabetic Exo,. The dearth of these particles may be associated
with compromised packaging in exosomes. An immunofluorescence study reveals that the
hnRNP Q expression in diabetic mice is significantly lower compared to that in nondiabetic
mice, consistent with this hypothesis. Overall, the ability to characterize physiological
differences based on analyzing particles by CDMS indicates that the physical properties

of mand zmay evolve as an important new physical basis for isolating and characterizing
€X0S0mes.
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(a, b) Mass versus charge CDMS measurements for nondiabetic (N1) and diabetic (D1)
wound-edge keratinocyte-derived exosome samples. (¢) N1 (red trace) and D1 (black trace)
mass spectra generated upon integrating the ion signal across the charge dimension using
0.35 MDa bins. Red (N1) and black (D1) dashed lines mark the average mass. The gray line
denotes the expected mass range of exosomes based on assuming a spherical geometry, a 30
nm minimum exosome diameter, and an average density of 1.17 g/mL.
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Figure 2.
(Top) EM images of both diabetic (D1) and nondiabetic (N1) exosome-enriched samples.

(Bottom) Size distribution (shown in diameter) determined by analyzing 1012 particles
across the EM images recorded for three separate diabetic and nondiabetic samples. Note:
the particle diameter scale is in 4 nm increments, and deformed or clearly damaged particles
as well as those clearly too small to be exosomes (below ~10 nm) were not included in this
analysis.
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Two-dimensional mass versus charge plot showing subpopulations obtained from Gaussian
fits to the experimental data for the first CDMS measurement of nondiabetic and diabetic
Exo, samples. See the text for details. This model finds evidence for 15 and 13
subpopulations with abundances over 1% for nondiabetic and diabetic samples, respectively.
Each point represents the mass and charge measured for a single particle and is assigned

to a subpopulation (indicated by a color). Subfamily assignment is based on the highest
probability of each particle belonging to a specific subfamily. Visually, this assignment leads

to boundaries that are artificially strict when in reality the subpopulations overlap. The

top and left side traces show the integrated raw data for the mass and charge dimensions,
respectively, and the corresponding sums of the Gaussian curves as black lines for these

dimensions. The determined fits for each subpopulation are also shown and delineated

using the same color scheme. The percentage of each subpopulation is also indicated. The
dashed vertical line provides an estimate of the delineation between those particles having
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masses in the range that is expected for exosomes and those particles that are too small

to be exosomes. To the right of both the N1 and D1 mass versus charge plots is the
integrated mass distribution of the N1 and D1 Exo,at specified charge ranges (described
above, horizontal dashed lines visually show these regions) corresponding to cross sections
of the densely populated S14 subpopulation. The S9, S10, S11, S15, S16, S17, and S18
subpopulation mass distributions are also included. The data were normalized to 1 and
treated as a composite data set. Mass spectra generated upon integrating the ion signal across
the charge dimension used 0.45 MDa bins.
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Figure 4.

Plot of CDMS-derived diameters of nondiabetic (N1, left) and diabetic (D1, right) samples
of each subpopulation (shown in Figure 3) using a bin size of 0.5 nm. Particle diameters
from CDMS were determined by assuming a spherical geometry and a density of 1.17 g/mL.
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Figureb.
(Left) Representative coimmunofluorescence of heterogeneous nuclear ribonucleoproteins

(hnRNP) Q (red) counterstained with 4”,6-diamidino-2-phenylindole (DAPI) (blue) in the
wound-edge tissue of nondiabetic (m+/db) and diabetic (db/db) mice. The hnRNP Q
expression in db/db wound-edge keratinocytes was significantly lower than that in m+/db.
The white dashed line indicates the dermal-epidermal junction with the epidermal edge
labeled epi. The white arrowhead indicates the leading edge of the epidermis. Granulation
tissue is labeled gt. (Right) Quantification of the hnRNP Q intensity, normalized with
DAPI intensity in wound-edge tissue, was plotted graphically. Each dot corresponds to one
quantified region of interest (ROI), except for the blue and red dots that correspond to the
mean value for one of three mice. At least three ROIs are plotted per mouse. Solid black
lines indicate the mean * standard error of the mean for all three mice in each group and
were analyzed by a two-tailed unpaired Student’s #test to determine a P value of 0.001.
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Possible Additional Exosome Geometries
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