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Diabetic retinopathy (DR) is a microvascular complica-
tion of diabetes and is the leading cause of vision loss in
working-age adults. Recent studies have implicated the
complement system as a player in the development of
vascular damage and progression of DR. However, the
role and activation of the complement system in DR are
not well understood. Exosomes, small vesicles that are
secreted into the extracellular environment, have a cargo
of complement proteins in plasma, suggesting that they
can participate in causing the vascular damage associ-
ated with DR. We demonstrate that IgG-laden exosomes
in plasma activate the classical complement pathway
and that the quantity of these exosomes is increased in
diabetes. Moreover, we show that a lack of IgG in exo-
somes in diabetic mice results in a reduction in retinal
vascular damage. The results of this study demonstrate
that complement activation by IgG-laden plasma exo-
somes could contribute to the development of DR.

Vascular inflammation and activation of the complement
system are of significance in many tissues and are espe-
cially critical for the brain and retina, where complement
activation can disrupt the normal blood-brain and blood-
retina barriers (1,2). Because proinflammatory changes
contributing to blood-retina barrier breakdown represent
an important initiating factor in the pathogenesis of di-
abetic retinopathy (DR) (3), and because activation of the
complement system and impairment of complement reg-
ulatory proteins were observed in the eyes of patients
with DR and in animal models of DR (1,4,5), this study

addressed the role of complement activation in vascular
damage in animal and ex vivo models of DR.

The complement system consists of a large group of
small, inactive precursors found in the circulation and
plays a central role in host defense against infectious
pathogens through activation of an inflammatory re-
sponse. The complement system can be activated through
three pathways: the classical, alternative, and lectin path-
ways. All three of these complement activation pathways
lead to generation of C3/C5 convertases and, ultimately, to
the formation of the membrane attack complex (MAC). In
the classical complement pathway, C1 is the first com-
plement protein that is activated. C1 is a large protein
complex comprised of Clq, Clr, and Cls. Downstream
proteolytic activation is achieved when C1q binds to a clas-
sical activator, such as an Ig complex (6). In DR, elevated
complement protein deposition in the retinal vascular
lumen has been suggested to be partly due to alternative
pathway activation and reduced levels of the complement
inhibitor proteins CD55 and CD59 (7,8). Classical pathway
complement proteins have not been found in the retinal
vascular lumen (8); however, they are significantly elevated
in vitreous fluid from patients with DR compared with
fluid from age-matched patients without diabetes (9). In
addition, the hyperglycemic by-product methylglyoxal has
been shown to impair the C1 inhibitor, a circulating
regulatory protein belonging to the classical complement
pathway (10). Taken together, these studies suggest in-
volvement of the classical complement pathway in the
pathogenesis of DR. The mechanism(s) of complement
activation and the contribution of complement activation
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to DR pathogenesis remain unknown. It is intriguing that
proteomic studies have shown that classical complement
proteins such as C1q, C3, and C4 associate with extracellular
vesicles such as exosomes in plasma (11-13).

Exosomes are small (40-200 nm in diameter) extracel-
lular vesicles. Exosomes are found in most human biolog-
ical fluids, including blood (14,15), urine (16), cerebrospinal
fluid (17), and ascites (18). Secretion of exosomes ini-
tially was proposed as a mechanism to remove unwanted
proteins from cells (19). In recent years, however, the role
of exosomes has been largely expanded because of their
involvement in intercellular communication. Exosomes re-
leased from different cells have been shown to carry pro-
tein, lipid, and RNA cargo that can affect target cells. For
example, in ocular cells, exosomes released from retinal
astroglial cells containing antiangiogenic components might
serve to protect against neovascularization, whereas exo-
somes from retinal pigment epithelial cells have not shown
this antiangiogenic role (20). In addition to shuttling cyto-
kines and growth factors, exosomes also carry genetic
material such as mRNAs, microRNAs, and lipids. It has
been suggested that Igs have the capability to associate
with exosomes in circulation (21). Igs are potent activators of
the classical complement cascade and have been reported to
be increased in patients with diabetes compared with patients
without diabetes (22). In this study we investigated the role of
exosomes in the activation of the classical complement path-
way and downstream retinal vascular damage in DR.

RESEARCH DESIGN AND METHODS

Animal Model

All animal procedures complied with the National Insti-
tutes of Health Guide for the Care and Use of Laboratory
Animals, and were approved and monitored by the Institu-
tional Animal Care and Use Committee at Michigan State
University. Male C57Bl/6J and Ighm™"¢"/J (002288) mice,
8 to 12 weeks old, were purchased from The Jackson
Laboratory, and diabetes was induced with intraperitoneal
doses (55 mg/kg) of streptozotocin (STZ) (Sigma-Aldrich) in
100 mmol/L citric acid (pH 4.5) administered daily for five
consecutive days (23). Body weight and blood glucose con-
centration were monitored twice a week, and blood glucose
concentration was maintained around 20 mmol/L. Mice
with 7-12 weeks since the onset of diabetes were used in
our studies.

Retinal Vascular Permeability
Retinal vascular permeability was analyzed according to
a previously published procedure (24).

Western Blot Analysis

Western blot analysis was performed as previously described
(25). We used the following antibodies (in a 1:1,000 dilu-
tion): anti-CD63, anti-CD9, anti-ALIX, and anti-TSG101 (cat.
nos. EXOAB-CD63A-1, EXOAB-CD9A-1, EXOAB-ALIX-1 and
EXOAB-TSG101-1, respectively; System Biosciences); anti-
Clq (cat. no. A200; Complement Technology, Inc.); anti-
C1s (cat. no. A302; Quidel Corp.). As secondary antibodies
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we used IRDye donkey antirabbit (cat. no. 611-731-127;
Rockland Immunochemicals), antigoat (cat. no. 925-32213;
LI-COR), and antimouse (cat. no. 610-731-124; Rockland
Immunochemicals) antibodies. In experiments with diabetic
mice, exosomes isolated from equal volumes (0.1 mL) of
control and diabetic plasma were loaded into gel for
comparison. Immunoreactive bands were visualized with
an Odyssey digital imaging program. We used ImageJ
software to quantify the blots.

Exosome Isolation
Blood was collected from the inferior vena cava into EDTA
tubes (Microvette 300; SARSTEDT AG & Co.), separated
via centrifugation, and either used immediately or ali-
quoted into 1.5-mL microtubes and stored at —80°C.
The ExoQuick system (System Biosciences) was used to
purify plasma exosomes according to the manufacturer’s
protocol. The ultracentrifugation method to extract exo-
somes was conducted as previously reported (26). To de-
scribe briefly, 0.5 mL plasma was mixed with an equal
volume of PBS then centrifuged at 1,000g at 4°C for
10 min. The supernatant was saved and spun at 10,000g
at 4°C for 30 min to remove cellular debris. After the super-
natant was filtered through a 0.22-pm filter, exosomes were
precipitated by spinning at 100,000g at 4°C for 2 h in
a Sorvall M120 SE Micro-Ultracentrifuge (S55S-1155 ro-
tor; Thermo Fisher Scientific). The exosome pellet was
resuspended in PBS and then either washed by spinning
at 100,000g or purified with OptiPrep Density Gradient.

Exosome Purification in OptiPrep Density Gradient
Exosomes were purified in OptiPrep Density Gradient as
previously described (27), with slight modifications. The
exosome mixture (0.08 mL) initially was overlaid on top
of a discontinuous gradient, and centrifugation was per-
formed at 100,000g at 4°C for 18 h with a Sorvall M120
SE Micro-Ultracentrifuge (S55S-1155 rotor; Thermo Fisher
Scientific). Twelve fractions (0.167 mL/fraction) were col-
lected, diluted with 0.833 mL PBS, centrifuged at 100,000g
at 4°C for 2 h, washed with 1 mL PBS, and then resuspended
in 30 L PBS. Exosomes were identified with Western blot-
ting, on the basis of the exosomal markers CD63, CD9,
TSG101, and ALIX, and visualized by electron microscopy. A
control OptiPrep gradient containing 0.08 mL buffer (0.25
mol/L sucrose, 10 mmol/L Tris; pH 7.5) was used to de-
termine the density of each fraction (28).

Exosome Quantification

To create a standard curve for use in quantifying plasma
exosomes, artificial lipid vesicles were extruded using an
Avanti Mini-Extruder (Avanti Polar Lipids, Inc.) with a
0.1-pm polycarbonate membrane. These lipid vesicles
were created from 68.3% glycerophospholipid (1,2-dioleoyl-
sn-glycero-3-phosphocholine), 22.7% sphingolipid
(sphingomyelin), 4.8% glycolipid (1,2-dioleoyl-sn-glycero-
3-phosphoglycerol), and 4.3% sterol lipids (cholesterol), as
determined previously, in order to mimic the actual com-
position and size of plasma exosome lipids (29). The actual
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concentration of extruded lipid vesicles was calculated using
vesicle surface area and composition, and serial dilution was
then performed. The extruded lipid vesicles and plasma
exosomes then were analyzed with dynamic light scattering
(DLS) and static light scattering (SLS) technologies through
the use of a Zetasizer Nano NZ (Malvern Instruments Ltd,
Malvern, U.K.) to determine both the diameter and the
concentration of vesicles, respectively.

Transmission Electron Microscopy

Transmission electron microscopy (TEM) of isolated exo-
somes was achieved as previously described (26). Immunogold
goat antirat antibody (G7035; Sigma) was used for immuno-
gold labeling. Images were taken with a JEM-2200FS Trans-
mission Electron Microscope (ultrahigh resolution; JEOL).

C1q Binding Assay

We performed the Clq binding assay on the basis of
previously published procedures (30,31), with modifica-
tions. Human or mouse plasma exosomes (isolated from
0.5 mL plasma) were resuspended in 100 wL HEPES buffer
(150 mmol/L NaCl, 2 mmol/L CaCl,, 20 mmol/L HEPES;
pH 7.0) and incubated with 2 ug C1q (A099; Complement
Technology, Inc.) at 37°C for 30 min. The complement
activator Heat Aggregated Gamma Globulin (A144; Quidel
Corp.) was used as a positive control in the reaction, and
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Clq alone in the buffer served as the negative control.
After incubation, exosomes were isolated via ultracentri-
fugation, purified in OptiPrep Density Gradient, and an-
alyzed by Western blot.

C1 Activation Assay

The ability of exosomes to induce Cl activation was
measured using a previously published in vitro assay
(32,33), with modifications. Exosomes was isolated from
0.5 mL human or mouse plasma, resuspended in C1
activation assay buffer (50 nmol/L triethanolamine-HCl,
145 mmol/L NaCl, 1 mmol/L CaCl,; pH 7.4), and incubated
with C1 complex (0.25 pmol/L) (A098; Complement Tech-
nology, Inc.) in the presence or absence of a C1 inhibitor
(INHC1) (A140; Complement Technology, Inc.) at 37°C for
90 min. After incubation, the reaction mixtures were
placed on ice for 10 min and purified in OptiPrep Density
Gradient; then, we analyzed the activation of Cls using
Western blot. The complement activator Heat Aggregated
Gamma Globulin (A144; Quidel Corp.) was used as the
positive control, and C1 alone in the buffer was the
negative control.

Statistical Analysis
The paired Student t test was used to analyze data from
two groups. For multiple-group comparisons, one-way
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Figure 1—Comparison of plasma exosomes, isolated with ExoQuick, and 100-nm extruded microvesicles. A and B: DLS measurements of
100-nm extruded microvesicles (A) and plasma exosomes (B). d.nm, diameter, in nanometers. C: DLS measurements showed no difference in
diameter between 100-nm extruded microvesicles (n = 9; dotted bar, black circles) and control mouse exosomes (n = 10; gray bar, gray squares).
D and E: Electron microscopy images of 100-nm extruded vesicles (D) and plasma exosomes (E). Scale bars = 200 nm. F: Vesicle concentration
(particles per milliliter) plotted against SLS measurement (kilocounts per second [kcps]). G: The number of plasma exosomes was increased
significantly in diabetic mouse plasma. The number of exosomes isolated from plasma of control mice (1 = 9; gray bar, gray circles) and STZ-
induced diabetic (3 months) mice (n = 15; white bar, black squares) was measured through the use of SLS (kilocounts per second) (bottom). All
data points are shown as univariate scatter plots with mean and SD. *P < 0.05.
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ANOVA and post hoc analysis with the Tukey range test
were performed using GraphPad Prism 7 software (GraphPad
Software, San Diego, CA). All values were expressed as the
mean * SD. P values <0.05 were considered significant.

RESULTS

Quantification of Exosomes in Control and Diabetic
Plasma

Quantification of circulating exosomes is challenging be-
cause of the lack of stably expressed exosomal markers. In
order to achieve the goals of this study, it was important to
apply reliable exosome quantification methods; therefore we
developed combined DLS and SLS assays using a Zetasizer
Nano NZ (Malvern Instruments Ltd.) to quantify and
compare the number of exosomes in plasma. Microvesicles
of known size, composition, and concentration were ex-
truded using an Avanti Mini-Extruder (Avanti Polar Lipids,
Inc.) with 100-nm pore filters; these microvesicles were
used to create calibration curves (particles per milliliter).
DLS readings of extruded vesicles were compared with DLS
readings of isolated mouse plasma exosomes (Fig. 1A and
B). Vesicles extruded through a 100-nm pore filter had
a diameter similar to that of mouse plasma exosomes (Fig.
10); this similarity was further confirmed by electron
microscopy (Fig. 1D and E). The absolute concentration of
extruded microvesicles was calculated on the basis of lipid
composition and vesicle surface area. Serial dilution of
100-nm vesicles, at an initial concentration of 0.64 X 103
vesicles/mL, was used to generate the calibration curve,
which plotted absolute sample concentration (particles per
milliliter) against SLS count rate (kilocounts per second)
(Fig. 1F). The number of circulating exosomes in control
and diabetic blood plasma was determined by compar-
ing SLS readings of the plasma exosomes to values on
the standard curve created using extruded vesicles of
known size and concentration. To prevent sample loss
during the ultracentrifugation isolation procedure, exo-
somes were isolated from an equal volume of mouse plasma
(100 pL) by using the ExoQuick precipitation method.
We found a significant increase in the concentration of
exosomes in plasma from STZ-induced diabetic (3 months)
mice compared with that from control mice (Fig. 1G). To
confirm the SLS result, we analyzed several exosomal
markers by Western blot. Under equal volume-loading
conditions, exosomal markers CD63, CD9, and TSG101
were more highly expressed in STZ-induced diabetic
(3 months) mouse plasma than in plasma from age-
matched controls (Fig. 2A). We next measured, using
DLS, the diameter of exosomes from diabetic mice and
those from control mice. We found no difference in the
mean diameter between control and diabetic exosomes
(Fig. 2B). Moreover, CD63 and CD9 expression was not
different between control and diabetic exosomes under
loading conditions using an equal number of vesicles (Fig.
2C). These findings suggest that more circulating exo-
somes exist in diabetic plasma than in control plasma;
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furthermore, the size and composition of exosomes are
less affected by diabetes.

Igs Are Associated With Exosomes in Plasma

As shown in Fig. 3A, we detected an enrichment of
exosomal markers and a large amount of IgG in ExoQuick-
isolated mouse plasma exosomes (Fig. 34, left lane). Concur-
rently, we also detected nonexosomal markers such as LDL
(apolipoprotein [Apo] E), HDL (ApoA), and endoplasmic re-
ticulum markers (calnexin) in ExoQuick-isolated exosomes.
Several reports have shown that ExoQuick and other poly-
mer-based exosome isolation methods coprecipitate other
proteins or vesicles such as lipoproteins (34,35), and further
separation by centrifugation with OptiPrep Density Gradient
is required to obtain pure exosomes (31,32). To confirm that
Igs are associated with plasma exosomes, mouse plasma
exosomes isolated by ExoQuick were further purified via
centrifugation with OptiPrep Density Gradient, and then
evaluated with Western blot using exosome markers
CD63, CDY, and TSG101. Consistent with previously reported
plasma exosomal density ranges (14,26), OptiPrep gradient
separation yielded mouse plasma exosomes in fractions 8-
10, with a density ranging from 1.16 to 1.39 g/mL (Fig. 3B).
We detected prominent bands of IgG in the same fractions
in which exosomes were present (Fig. 3B, bottom). After
depleting exosomes from mouse plasma by repeating ultra-
centrifugation, we found a concomitant reduction of IgG
level in exosome-depleted mouse plasma (Fig. 3C, right lane).
These results suggest that most Igs in circulation are asso-
ciated with exosomes.

Ultracentrifugation remains the “gold standard” for
isolating exosomes, and fewer contaminants are reported
with this method than with the ExoQuick method (36). To
confirm that IgG associates with exosomes in circulation,
ultracentrifugation-isolated rat exosomes were stained
with immunogold-labeled IgG and investigated under
TEM. Exosomes appeared as disklike shapes with a diam-
eter of ~150 nm (Fig. 4A). TEM showed a strong asso-
ciation of immunogold-labeled IgG with the rat plasma
exosomes (Fig. 4B). It is interesting to note that an increase
in the number of circulating exosomes in diabetic animals
was associated with an increase in IgG levels in diabetic
mouse samples. This increase in IgG was measured via
Western blot analysis under equal volume-loading condi-
tions (Fig. 4C), but it was not observed under loading
conditions using an equal number of vesicles (Supplemen-
tary Fig. 1). These data confirm that it is an elevated number
of circulating vesicles, and not a change in exosome mor-
phology, that results in higher IgG levels in diabetic exosome
samples when compared with nondiabetic controls.

Circulating Ilg Bound to Exosomes Activates the C1
Complex

The Clq binding assay (37) was performed to examine
whether the complement cascade can be activated by
Ig-associated exosomes. Mouse plasma exosomes were
used in this assay, and the results were confirmed through
the use of nondiabetic human plasma. Purified human Clq
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Figure 2—A: Western blot of plasma exosomes isolated through the use of ExoQuick from control and STZ-induced diabetic (3 months) mice
(top). Under conditions of equal volume, increased amounts of exosomal markers (CD63, CD9, and TSG101) were measured in diabetic
mouse plasma (bottom). The markers were quantified on the basis of average band intensity (n = 9, 8, and 7 for the three control
measurements (gray bars, gray circles, left to right), and n = 15, 9, and 9 for diabetes measurements (white bars, black squares, left to right).
*P < 0.05. B: DLS (nanometer) readings of mouse plasma exosomes showed no change in exosome diameter between control mice (n = 10;
gray bars, gray circles) and diabetic mice (n = 15; white bars, black squares). C: Western blot of plasma exosomes isolated with ExoQuick
from control and STZ-induced diabetic (3 months) mice. Under loading conditions with an equal number of vesicles, no change in plasma
exosomes (CD63 and CD9) was observed between control mice (gray bars, gray circles) and diabetic mice (white bars, black squares).
Exosomes were quantified on the basis of average band intensity (n = 10 [middle] and 4 [bottom] for control and n = 12 [middle] and 6 [bottom]
for diabetes). All data points are shown as univariate scatter plots with mean and SD.

protein (A099; Complement Technology, Inc.) was incu- we fractionated the exosome-bound Clq with OptiPrep
bated with isolated exosomes and purified via centrifu- Density Gradient (Fig. 5B). C1lq, TSG101, and mouse IgG
gation with the OptiPrep gradient. As shown in Fig. 5A, were detected in exosomal fraction 9 (1.24 g/mL). The purity
exogenous human Clq binds to ExoQuick-isolated mouse of exosomes in fraction 9 was confirmed by the absence
plasma exosomes. To verify the specificity of C1q binding, of lipoproteins (ApoE and ApoA) and the endoplasmic
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Figure 3—Characterization and specificity of Ig binding to exosomes. A: Western blot of exosomes from mouse plasma isolated with
ExoQuick, with a 20-p.g protein loading volume. Exosomes isolated from mouse plasma showed enrichment of exosomal markers (CD63,
ALIX, TSG101, CD9) than whole plasma. Specificity of exosome isolation was confirmed using lipoprotein markers (ApoE and ApoA) and the
endoplasmic reticulum marker calnexin. B: Western blot of total circulating exosomes. Exosomes were separated with OptiPrep Density
Gradient after ExoQuick isolation. The exosomal markers CD63, TSG101, and CD9, as well as Ig, are present in fractions with a density of
1.16-1.39 g/mL (fractions 8-10). C: Ig is removed in exosome-depleted plasma (right lane).
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Figure 4—1gG bound to exosomes in plasma and an elevated number of exosomes in diabetes leads to a greater IgG level in mice with
diabetes than in control mice. A and B: TEM images of rat plasma exosomes isolated by ultracentrifugation. A 138.89-nm-diameter exosome
was visualized using TEM with uranyl-oxalate staining (A). Immunogold-labeled rat IgG colocalized with exosomes (arrowheads) (B). C:
Western blot of mouse plasma exosomes isolated with ExoQuick (left). Under loading conditions of equal volume, more exosomes containing
IgG were observed in diabetic mouse plasma (1 = 12; white bar, black squares) than in control plasma (n = 10; gray bar, gray circles) (right).
Exosomes were quantified on the basis of band intensity. All data points are shown as univariate scatter plots with mean and SD. *P < 0.05.

reticulum marker calnexin. We also performed the same (Fig. 5C, left lane). After centrifuging human exosomes with
experiment using nondiabetic human plasma exosomes and  the OptiPrep gradient, we observed that C1q and CD63 were
found that endogenous Clq was associated with circulating also found in fraction 9 (Fig. 5D). C1q was not present alone
exosomes and was recognized by antihuman Clq antibody in any of these fractions (Supplementary Fig. 2).
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Figure 5—Western blot of complement activation exosomes isolated from mouse and human plasma through ultracentrifugation or
ExoQuick and purified with OptiPrep Density Gradient. A: Binding of the human complement protein C1qg to ExoQuick-isolated mouse
exosomes. B: C1q specifically bound to mouse plasma exosomes with a density of 1.24 g/mL (fraction 9). This fraction was negative for
ApoE, ApoA, and calnexin. C: Endogenous human C1q was detected in nondiabetic human plasma exosomes isolated via ultracentrifu-
gation. D: After centrifugation in the OptiPrep gradient, human nondiabetic plasma fractions 7-9 were ran. C1q and CD63 were expressed in
fraction 9. E: C1 was activated by ultracentrifugation-isolated human plasma exosomes. A C1 activation assay was performed by incubating
the C1 complex with human plasma exosomes, fractionating them with OptiPrep Density Gradient. The C1 complex bound to exosomes with
a 1.24 g/mL density (fraction 9) and activated the serine protease subcomponent C1s (left). The activity of C1s was inhibited by a C1 inhibitor
(INHCH1) (right). F: Under conditions that used an equal number of vesicles, no difference was observed in C1 activation in plasma exomes
isolated with ExoQuick from control and STZ-induced diabetic (3 months) mice (n = 3 for both groups).
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To investigate whether the binding of Clq to Ig-
containing exosomes activates the C1 complex in the
classical complement cascade, we performed a C1 acti-
vation assay (33). Nondiabetic human exosomes were
incubated with C1 complex protein (A098; Complement
Technology, Inc.), and Cls was activated in fraction
9 (Fig. 5E, left panel). In the presence of a C1 inhibitor
(INHC1), however, the activation of C1s was reduced (Fig.
SE, right panel). Spontaneous activation of the C1 complex
was observed in the reaction (Supplementary Fig. 3);
however, spontaneous C1 activation did not occur in
fractions without exosomes. Our data demonstrate that
binding of Clq to IgG-laden exosomes in plasma causes
proteolytic activation of C1 complex. Moreover, under
conditions in which an equal number of vesicles are
loaded, we found no difference in C1 activation between
exosomes from control and those from diabetic mouse
plasma (Fig. 5F). Thus, these experiments suggest that the
elevated number of exosomes observed in diabetes may
lead to activation of the classical complement pathway.

Lack of Classical Complement Activation in Diabetic
Ighm'™'°9"/J Mice Results in a Reduction of Retinal
Vascular Damage

To assess the role of the classical complement pathway
in DR, we used a transgenic mouse that lacks comple-
ment activator (IgG). Ighmtmlcgn /J (IgM knockout [KO])
is a B-cell-deficient (Ig-deficient) mouse model available
from The Jackson Laboratory. These mice lack mature
B-cells as a result of a disruption in the heavy chain of
IgM, causing B-cell maturation to be arrested at the pre-B-
cell stage, which results in lack of IgG production (38). First,
we confirmed that IgM-KO mice showed no IgG expression
in ExoQuick-isolated plasma exosomes when compared
with exosomes from control (C57BL/6J) mice (Fig. 6A).
Furthermore, we found that exosomes from IgM-KO mice
(Fig. 6B, right panel) induced less C1 activation than
exosomes from C57BL/6J mice (Fig. 6B, left panel). To
investigate the role of classical complement pathway ac-
tivation by IgG-laden exosomes in the development of
diabetic retinal damage, male IgM-KO and C57BL/6J mice
(10-12 weeks old; n = 6) were subjected to STZ-induced
diabetes for 7 weeks. Hyperglycemia was observed in both
strains of diabetic mice but not in controls. DLS mea-
surement demonstrated that diabetes did not modify
exosome size in both strains of mice when compared
with nondiabetic controls (Fig. 7A). Exosome quantifica-
tion confirmed that as early as 7 weeks after the onset of
diabetes, a higher number of exosomes is found in both
strains of mice than in the nondiabetic controls (Fig. 7B).
A higher number of exosomes in diabetic C57BL/6J mice
results in higher IgG levels than in nondiabetic C57BL/6J
mice (Fig. 7C, left); however, no IgG expression was
observed in either control or diabetic IgM-KO plasma
exosomes (Fig. 7C, right). It is important to note that
retinal vascular leakage was reduced in retinas of diabetic
IgM-KO mice(Fig. 7D, bottom row of images; n = 5) when
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compared with diabetic retinas from wild-type mice (Fig.
7D, top row of images; n = 6). These results suggest that
a lack of association of IgG with exosomes prevents
exosomes from activating the classical complement path-
way, resulting in less diabetes-induced retinal vascular
damage.

DISCUSSION

The complement system plays an integral role in both
innate and adaptive immune responses. Given the de-
structive power of complement activation, it is not sur-
prising that aberrant complement system regulation has
been shown to be involved in a wide range of diseases,
from nonalcoholic steatohepatitis to age-related macular
degeneration (39-41). Studies have shown that comple-
ment proteins deposited in eyes of patients with diabetes
may contribute to the pathogenesis of DR. Mannose-
binding lectin and alternative complement pathways
have been shown to contribute to complement activation
in ocular diseases, including DR (2,36); to our knowledge,
however, because of the lack of detection of classical
pathway proteins in the retina of patients with DR, no
studies have investigated the role of the classical pathway
in the pathogenesis of DR. We hypothesize that the classical
complement pathway may contribute to DR development
via activation on the surface of plasma exosomes, instead of
on the lumen of blood vessels. Proteomic studies have
shown that classical complement proteins such as Clq,
C3, and C4 are associated with isolated plasma exosomes
(42-44). In this article we demonstrate that diabetic plasma
exosomes activate the classical complement pathway,
which leads to downstream retinal vascular damage.
DLS and SLS measurements demonstrated that al-
though the number of exosomes is higher in the plasma
of diabetic mice than in that of control mice, the diameter
of exosomes is the same in these two groups. Current
exosome quantification methods have limitations: for
example, conventional flow cytometry cannot discriminate
exosomes from background noise; ELISA is limited by the
available exosome markers; nanoparticle tracking analysis
requires a large sample volume, and the reading is affected
by operators (45,46). Among them, DLS/SLS measurement
is the most user-friendly and yields relatively accurate and
consistent results. It is important to note that these me-
asurements require the smallest sample volume (45-49). A
drawback associated with DLS measurement of size is that
the technique is more accurate with monodisperse vesicles
than with polydisperse vesicles such as plasma exosomes
(45-49). Moreover, quantifiable standards are lacking for
SLS measurement of exosomes. DLS analysis showed that
exosomes isolated from plasma samples are around 100 nm
in size. This particle size is consistent with previously
reported exosome size measurements and is in close agree-
ment with TEM data. In addition, a standard curve of SLS
measurements was generated using extruded lipid vesicles
of known diameter and lipid composition to mimic exo-
somes. Both DLS and TEM measurements confirmed that
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Figure 6 —Western blot of plasma exosomes isolated from C57bl/6J and IgM-KO mice with ExoQuick and OptiPrep Density Gradient. A:
IgM-KO exosomes (right) showed no expression of IgG, but C57bl/6J exosomes did (left). B: C1 is activated with exosomes from C57bl/6J
mice (left), but not with plasma exosomes from IgM-KO mice (right) (n = 3).

extruded lipid vesicles have a diameter and morphology
similar to those of isolated plasma exosomes. Lipid
vesicles such as liposomes have been used in previous
studies as a model to mimic exosomes and to optimize
exosome purification methods and diameter measurement
(50,51). Combined DLS/SLS, with extruded vesicles as
a standard, may serve as a method to quantify plasma
exosomes.

Various exosome isolation methods were used in
this study, including polymer-based exosome isolation
(ExoQuick), differential ultracentrifugation isolation, and
enrichment with OptiPrep Density Gradient. Each isolation
method has its own advantages and was used for a different
purpose. Ultracentrifugation isolation vyields relatively
purer exosomes than ExoQuick (36) and works well for
exosome characterization, but it requires a larger sam-
ple volume. Therefore, in this study ultracentrifugation-
isolated rat plasma exosomes were used for immunogold
staining to visualize association of plasma exosomes with
IgG under TEM. ExoQuick isolation allows for less variation
due to sample handling or the isolation process, which is
beneficial when comparing exosomes from clinical samples,
such as between control and diabetic groups (36). The
drawback is that ExoQuick coprecipitates other nonexo-
somal contaminants such as lipoproteins (LDL, HDL) and
cellular organelles (endoplasmic reticulum) (42), which
could mask the role of exosomes and confound the study
(52,53), thus requiring centrifugation with OptiPrep
Density Gradient to further purify the exosome mixture
and eliminate most lipoproteins and cellular organelles.
Plasma exosomes were isolated by ultracentrifugation
followed by centrifugation with OptiPrep Density Gradi-
ent in parallel with ExoQuick-OptiPrep to confirm that
exosome-induced complement activation is not depen-
dent on the preparation method. This once again dem-
onstrates the drawbacks of each exosome isolation
method, calling for more stringent verification of isolated

exosomes in future studies and continual development of
exosome isolation methods.

Ogata et al. (54) showed that increased levels of extra-
cellular vesicles in diabetic plasma could contribute to
accelerated DR progression. Elevated level of serum Ig
in diabetes was observed in clinical studies and was
suggested to contribute to complications (22,55,56). Con-
sistent with these findings, we observed an increased level
of circulating exosomes in diabetes, and we found that
exosomes associate with IgG and activate classical com-
plement proteins, suggesting that an elevated number of
IgG-laden plasma exosomes in diabetes may result in
a greater extent of classical complement activation. To
test this hypothesis, we turned to genetically modified
mouse models that lack components of this system. Clg-
deficient mice develop phenotypes similar to systemic
lupus erythematosus or rheumatoid arthritis (57), making
it difficult to differentiate damage induced by Clq de-
ficiency versus that induced by diabetes. The B-cell-de-
ficient (IgM-KO) mouse model, on the other hand, does
not have this complication. Moreover, the IgM-KO mouse
model specifically lacks circulating IgG—the rest of the
complement proteins are intact—helping us to address the
hypothesis that it is the IgG-laden exosomes that contrib-
ute to diabetes-induced complement activation. On the
basis of these considerations, we used the IgM-KO mouse
model in this study. After STZ induction of diabetes, IgM-
KO mice developed hyperglycemia at the same rate and
with the same severity as wild-type C57BL/6J mice. More-
over, diabetic IgM-KO mice had more exosomes than their
littermate controls, similar to diabetic C57BL/6J mice.
Despite the increase in the number of exosomes in diabetic
IgM-KO mice, the exosomes from IgM-KO mice lacked IgG
and had very low levels of C1 activation when compared
with C57BL/6J exosomes.

In biological fluids such as plasma, exosome populations
are highly heterogeneous and originate from various cell
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Figure 7—Analysis of plasma exosomes, isolated with ExoQuick, from control and STZ-induced diabetic (7 weeks) C57BL/6J and IgM-KO
mice. A: DLS measurements showed no difference in the diameter of plasma exosomes from C57bl/6J and IgM-KO control (gray bar, gray
circles, and white bar, black squares, respectively) or C57bl/6J or IgM-KO diabetic mice (white bar, gray triangles and white bar, white circles,
respectively). B: The number of plasma exosomes was increased significantly in both C57bl/6J and IgM-KO diabetic mice compared to
control (symbols as in A) . Exosomes were isolated with ExoQuick from plasma from control (n = 6) and STZ-induced diabetic (n = 5) mice and
measured by using SLS (kilocounts per second). *P < 0.05; **P < 0.01. C: Western blot of ExoQuick-isolated mouse plasma exosomes (top).
Under loading conditions of equal volume, more diabetic C57bl/6J plasma exosomes contained IgG (white bar) than control plasma
exosomes (gray bar) (bottom). No IgG expression was measured within IgM-KO control or diabetic plasma exosomes. ***P < 0.001. D: Retinal
permeability was examined in control and diabetic C57bl/6J and IgM-KO mice (7 weeks control and diabetes; n = 6). Diabetic C57bl/6J retinas
showed more vascular permeability than control retinas (top), but retinal vascular permeability in IgM-KO mice did not significantly change
between the control and diabetes states (bottom). Retinal fluorescence intensity is quantified through the use of fluorescein isothiocyanate—
albumin, as shown in the graph at the bottom (control, n = 6; diabetes, n = 5; black circles = C57bl/6J control, black squares = C57bl/6J
diabetic; black triangles = IgM-KO control; black inverted triangles = IgM-KO diabetic). Scale bars = 50 um. All data points are presented as

univariate scatter plots with mean and SD. d.nm., diameter, in nanometers; RFU, relative fluorescent unit.

types. Saunderson et al. (58) reported that Igs are enriched
in exosomes released by primary B-cells and suggested
that Igs present on the B-cell plasma membrane could be
shuttled into exosomes. On the other hand, Blanc et al.
(21) demonstrated that reticulocyte-secreted exosomes
have a natural affinity for Igs in blood. These findings
suggest distinct possibilities for IgG association with exo-
somes: as primary secretion of IgG packaged inside the
exosomes of IgG-producing B-cells, or as a secondary
association of exosomes, potentially produced by multiple
cell types, with circulating Igs in blood. Because comple-
ment complex C1 binding and activation require surface
presentation of IgG, only the exosomes with surface IgG
would contribute to activation. Indeed, we observed that
only a fraction of the IgG-associated exosomes of specific
density activate complement complex C1. Diebolder et al.
(59) reported that the presentation of the Fc-Fc segment
of IgG hexamers drives classical complement C1 activa-
tion. On the basis of that finding, we speculate that
a subpopulation of exosomes that activate the C1 complex
may present the Fc motif, which favors activation of the
classical complement pathway. It is notable that the

exosome subpopulation that activated C1 in our study
was found to be enriched with several exosomal markers:
CD63, TSG101, and CD9. These markers were shown to be
directly involved in different exosomal cargo-sorting pro-
cesses in the endosomal compartment (60,61). TSG101 is
a component of the endosomal sorting complexes required
for transport (ESCRT) complex, which participates in
ESCRT-dependent exosome biogenesis (61). By contrast,
the tetraspanin family proteins CD63 and CD9 are respon-
sible for ESCRT-independent exosome biogenesis (60).
These two exosomal biogenesis mechanisms can act inde-
pendently or simultaneously within an endosomal compart-
ment, generating highly complex and heterogeneous
exosomal populations (60). Exosomes found within fraction
9 are likely to be a mixed population generated by a com-
bination of exosomal biogenesis mechanisms. These data
are in agreement with those from a recent study showing
that retinal pigment epithelium—derived vesicles in fraction
9 contain complement components (13).

Under normal conditions, a low level of complement
activation protects the eye from pathogenic infection. This
process is tightly controlled by complement regulatory



1648 Plasma Exosomes and Complement Activation

proteins, which prevent complement-induced self-destruction
(62). In diabetes, protein glycosylation and hyperglycemic
by-products greatly reduce the function of complement
regulatory proteins in the circulation and on cell membranes
(10,63), suggesting that spontaneous alternative comple-
ment activation plays a role in MAC (C5b-9)-induced retinal
vascular damage (2,7). In addition, formation of cytolytic
MAC leads to osmotic imbalance and, ultimately, to cell
lysis. Extensive deposition of MAC in the retinal endothe-
lium of patients with DR and in rats with diabetes could
contribute to retinal endothelial cell death and the resulting
retinal vasculature leakage (8). We used IgM-KO mice to
demonstrate that an increase in classical complement acti-
vation by IgG-laden exosomes under diabetic conditions
may contribute to retinal vascular damage and increased
permeability of the retina. As discussed above, although
IgM-KO mice develop STZ-induced diabetes and have more
exosomes in circulation, those exosomes lack IgG and do not
activate the classical complement pathway. As expected,
C57BL/6J mice had significantly increased retinal vascular
leakage after 7 weeks of diabetes; however, this increase in
retinal vascular leakage was abolished in diabetic IgM-KO
mice despite the same degree of hyperglycemia.

In conclusion, this study demonstrates that diabetic
plasma exosomes are a part of the circulating microenvi-
ronment responsible for activation of the complement
cascade, which in turn leads to the upregulation of proin-
flammatory cytokines and chemokines, resulting in vas-
cular damage. Inhibition of exosome-induced complement
pathway activation could prevent the advancement of DR
pathogenesis.
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