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Extracellular vesicles (EVs) are emerging as potent mediators of
intercellular communication with roles in inflammation and disease.
In this study, we examined the role of EVs from blood plasma (pEVs)
in an experimental autoimmune encephalomyelitis mouse model of
central nervous system demyelination. We determined that pEVs
induced a spontaneous relapsing—remitting disease phenotype in
MOGs3s_ss-immunized C57BL/6 mice. This modified disease pheno-
type was found to be driven by CD8+ T cells and required fibrinogen
in pEVs. Analysis of pEVs from relapsing—remitting multiple sclerosis
patients also identified fibrinogen as a significant portion of pEV cargo.
Together, these data suggest that fibrinogen in pEVs contributes to
the perpetuation of neuroinflammation and relapses in disease.

autoimmunity | proteomics | EAE | T cell | relapse

Successful translation of discovery research into clinical effi-
cacy is often hampered by the authenticity of experimental
animal models to faithfully recapitulate disease pathogenesis.
For instance, study of the adaptive immune responses in exper-
imental autoimmune encephalomyelitis (EAE) mouse models of
multiple sclerosis (MS) has become a basis for our understanding
and preclinical therapeutic development (1). However, the im-
munological phenotype of MS patients notably differs from mice
in which immunization with myelin peptides induce robust T cell
responses (2). Significant attention on CD4+ T cells in MS has
been supported by both genome-wide association study-identified
risk susceptibility genes for MS and the central role of CD4+
T cells in many EAE mouse models (3-5). However, the clinical
disease course in human MS patients is not solely driven by CD4+
T cells, as interrogation of infiltrating lymphocyte subtypes in MS
patients has revealed a predominance of CD8+ T cells over CD4+
T cells (6-8). The repertoire of CD8+ T cells in the cerebrospinal
fluid of MS patients, and, to a lesser extent, in blood, reflects el-
evated levels of CD8+ T cells also identified in lesions within the
CNS (9). These findings have led to important questions on the
etiology of CD8+ T cell responses, their potential roles in medi-
ating clinical exacerbations, and how to model this immune re-
sponse in mice (10). The enrichment of CD8+ T cells in MS
suggests a critical effector role for CD8+ T cells in this disease, but
the inherent difficulty in modeling spontaneous CD8+ T cells in
EAE models has hindered rigorous study of encephalitogenic
CD8+ T cells in the context of autoimmunity and MS.
Extracellular vesicles (EVs) have emerged as potent mediators
of immunity (11). EVs are nano-sized membrane particles re-
leased by cells that represent an evolutionarily conserved mode
of intercellular communication (12). Interest in EVs has been
stimulated by their emerging roles in disease and potential use as
prognostic biomarkers (13). Interest in EVs is driven by recent
experimental evidence demonstrating EV-directed intercellular
communication contributes to cancer, inflammatory, neurological
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and autoimmune diseases (14). Hence, EVs represent a rapidly
evolving field with potential to understand complex diseases. In
particular, the innate cellular complexity and relative inaccessibility
of the CNS offer the potential for EV biology to provide better
understanding and insight to monitor inflammatory and degener-
ative changes (15). Plasma EVs (pEVs) have also been reported to
reflect features of inflammation in human neurological diseases
such as Alzheimer’s disease (16), Parkinson’s disease (17), and MS
(18). However, how pEVs may contribute to the autoimmunity of
MS has not been elucidated.

In this study, we assessed the functional impact of pEVs on
neuroinflammation and clinical disability in a mouse model of
CNS demyelination. We report that pEVs from naive C57BL/6
mice, when transferred into mice with active EAE, result in a
distinct spontaneous relapsing—remitting EAE phenotype char-
acterized by a prominent contribution of CD8+ T cells. Pro-
teomic analysis identified a causal role for fibrinogen in pEVs
inducing the unique clinical and immunological phenotype in this
pEV-EAE model. We characterize the pPEV-EAE approach as
representing an authentic immunological system with utility for

Significance

In this report, we show that fibrinogen, identified by proteo-
mics to be present in blood plasma extracellular vesicles (EVs),
is sufficient and required for autoimmune-mediated sponta-
neous relapsing disease activity in a murine model of multiple
sclerosis (MS). Unique to this model is that plasma EVs induced
CD8-mediated disease. Analysis of human plasma EVs identi-
fied fibrinogen in MS patient samples, thereby providing a
compelling translational association between our experimental
findings and the perpetuation of CD8-mediated autoimmunity
in human MS. Hence, these findings provide evidence for EVs as
means by which to model an important aspect of spontaneous
CD8+ T cell development related to autoimmunity in MS.
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disease modeling and understanding the etiology of CD8+ T cell
responses in disease relapses in MS which may have implications
for translation of experimental findings to human patients.

Results

Plasma EVs Induce Spontaneous Relapses in EAE Mice. EAE immu-
nization in mice on the C57BL/6 background induces a robust
and consistent monophasic clinical disease course mediated by a
prominent CD4+ lymphocyte activation (10, 19). The pEVs
isolated from stored red blood cell units have been found to bind
to monocytes and induce proinflammatory cytokines, which
boosts CD4+ and CD8+ T cell responses in vitro (20). Addi-
tionally, EVs are capable of augmenting preexisting inflamma-
tory responses in vivo (21). Whether and how pEVs can augment
the neuroinflammatory events in EAE have not been previously
examined. To determine whether pEVs can augment the in-
flammatory response in EAE mice, we first isolated and con-
firmed the presence of EVs from mouse blood plasma. The
purity of isolated pEVs was verified by electron microscopy
(EM), an approach to validate EVs we have used previously (22)
(Fig. 1B). To determine the effect pEVs have on the EAE dis-
ease course, MOGg3s_s5; EAE immunized mice received a single
injection of pEVs at the time of peak clinical disability (Fig. 14).
We found that pEV-injected MOG3;s_ss EAE mice developed a
worsened pattern of EAE (Fig. 1E) with clinical disability char-
acterized by spontaneous relapsing/remitting (R/R) that were
not observed in control EAE subjects (Fig. 1 C and D). These
findings are consistent with a previous report that permutations
of MOGs;s_ss EAE in C57BL/6 mice can evoke a relapsing—re-
mitting disease phenotype (23).

PEVs Induce CD8+ T Cells. To determine whether and how pEVs
evoked neuroinflammatory changes within the CNS of EAE
mice, we next analyzed expression of the chemokines that are
known to attract T cells into the CNS, Cc/2 and Cxcl10, in brain
and spinal cord tissues of R/R EAE (pEV-administered) mice
during a first-relapse event. Ccl2 and Cxcl10 levels were found to
be increased in the brain during relapses in pEV-treated R/R
mice (Fig. 24). However, analysis of spinal cord tissues from R/R
EAE mice revealed that only Cxcl10 was found to be significantly
increased (Fig. 2B). Since these two chemokines are known to
promote T cell and macrophage recruitment into the CNS (24),
we examined the composition of the immune cell infiltrates in
the spinal cords of pEV-administered EAE mice during a re-
lapse. To explore this question, we applied an unbiased survey of
immune cells by using flow cytometry by time of flight (CyTOF)
and applied T-distributed stochastic neighbor embedding anal-
ysis of all labeled CNS immune cells. This approach identified a
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specific increase in CD3+/CD8+ T cells in pEV-administered,
R/R EAE mice (Fig. 2C) during an active relapse. Since autoim-
munity in MOGs;s5_ss EAE mice is typically driven by CD4+
T cells (25), we next established the contribution of CD8+ T cells
to R/R EAE mice by immunodepletion of CD8+ cells from R/R
mice (Fig. 2D). Administration of anti-CD8 antisera was found
to prevent the relapsing activity phenotype in response to pEV
administration in treated mice (Fig. 2 E and F) and reduced the
severity of clinical disability (Fig. 2/). Anti-CD8 antisera did not af-
fect disease in control EAE mice not given pEVs (SI Appendix, Fig.
S4 B and C), nor did an Ig-matched control antisera change disease
exacerbation activity in treated R/R mice (Fig. 2 D and E). Hence,
pEVs induced a robust CD8+ T cell response which was required for
the relapsing—remitting phenotype in treated EAE mice.

Histological analysis of spinal cord tissues at the time of the
first relapse in pEV-treated EAE mice and time-matched control
EAE subjects identified extensive mononuclear cell infiltrates
within the white matter of pEV-treated mice that were not observed
in control-treated mice (Veh EAE) (Fig. 2H and SI Appendix, Fig.
S24). Our CyTOF findings indicated that CD8+CD3+ represented
the majority of CD8+ cells in the spinal cords of pEV-treated
mice (S Appendix, Fig. S2B). Immunohistochemical character-
ization of these cellular infiltrates in association with demyelinated
lesions revealed an abundance of CD8+ T cells (Fig. 2 J and K),
CDA4+ T cells (SI Appendix, Fig. S2C), and CD68+ macrophages
(SI Appendix, Fig. S2D) in the infiltrates of pEV-treated subjects
at higher frequencies than observed in vehicle-treated animals.
Analysis of neurofilament M in the dorsal column of pEV and
vehicle-treated animals also determined that there were no dif-
ferences in axon numbers at this time point between treatment
groups (SI Appendix, Fig. S2F).

Fibrinogen Mediates Relapse-Inducing Action of pEVs. Proteomic
analysis of the pEVs was performed using the 2D protein frac-
tionation platform (PF-2D; Fig. 34). Proteome laboratory iden-
tifications of enriched fractions were interrogated by liquid
chromatography (LC) with tandem mass spectrometry. These
fractions identified a limited number of candidate factors (SI
Appendix, Table S1), which included fibrinogen alpha chain
(FGA). As a candidate pEV factor, fibrinogen was of particular
interest because fibrinogen deposition occurs with vascular leak-
age and promotes T cell recruitment, CNS demyelination, and
axonal damage (26). Immunoblotting and EM confirmed pEV
expression of the EV marker, flotillin-1 (Fig. 3B), and colocali-
zation of fibrinogen in the pEVs (Fig. 3C). To determine whether
fibrinogen was a necessary cargo of pEVs to induce R/R in
MOG;3s ss EAE mice, pEVs were collected from fibrinogen
knockout (Fib~~) mice and wild-type littermate (Fib™'") controls

Fig. 1. The pEVs induced a spontaneous relapsing—
remitting phenotype in wild-type C57BL/6 mice dur-
ing MOGss_ss-induced EAE. (A) The pEVs isolated
from donor mouse plasma (confirmed by trans-
mission EM shown in B) or vehicle were administered
(i.v.) to EAE mice at peak clinical illness (arrow). (Scale
bar in B: 100 nm.) (C) Representative clinical EAE
disease courses in pEV and vehicle-treated mice. (D)

125 Grouped treatment effect over 51-d experimental

period of vehicle (n = 6) and pEV-treated MOGss_ss

100 EAE (n = 8) mice. (E) Comparison of disease burden

(aggregate score) between vehicle-treated (n = 6)
and pEV-treated MOGss_ss EAE (n = 6) mice. (Values
are mean + SEM, where *P < 0.05 is calculated by
two-way ANOVA with uncorrected Fisher’s LSD post
hoc test; *P < 0.05 is nonparametric Mann—Whitney
u test.) Grouped data are the result of three in-
dependent experiments. Reproduced clinical data
can be found in S/ Appendix, Fig. S1 A and B.
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Fig. 2. The pEVs induce a CD8+ T cell response responsible for the development of a spontaneous relapsing phenotype in MOGss 55 EAE. (A) Expression of chemokines
Cxcl10 (n = 4) and Ccl2 (n = 4) was significantly up-regulated at time of a spontaneous relapse in the brains of pEV R/R mice. (B) Expression of the chemokine Cxc/10 (n = 4)
was significantly up-regulated at time of a spontaneous relapse in the spinal cords of pEV R/R mice with no difference in expression of Ccl2 (n = 4). (C) CyTOF analysis of
spinal cords of pEV RR mice at time of a spontaneous relapse identified a unique CD8+ T cell population. (D) EAE in pEV-treated MOG3s 55 EAE mice also given «CD8
function blocking antibody or isotype antisera, and (E) representative clinical disease courses in individual treated mice, and (F) plotted as group (xCD8; n = 8; isotype
control, n = 7). (G) Comparison of disease burden (aggregate score) between pEV-treated MOGss ss EAE mice given aCD8 function blocking antibody (n = 6) or isotype
antisera (n = 3). (H) Histology for myelin (fluoromyelin) and nuclei (DAPI) in the dorsal column of pEV—EAE and vehicle-treated (Veh EAE) mice collected at the same time as
the first relapse in pEV-treated animals show robust cellular infiltrates that (/) colocalized with enhanced demyelinated lesions in pEV-treated mice. (Scale bar in H: 100 pm.)
(/) Representative CD8+ immune cells in pEV-treated animals (Scale bar in J: 6 um) and (K) quantification of these cells indicated elevated numbers of CD8+ T cells within
demyelinated lesion areas in the spinal cords of pEV-treated mice. (Values in F are mean + SEM, where *P < 0.05 calculated by two-way ANOVA with uncorrected Fisher's
LSD post hoc test; in A, B, and G, *P < 0.05, Mann—-Whitney nonparametric u test; in / and K, *P < 0.05 Welch's t test.) Grouped gPCR and clinical data are the result of
samples collected from three independent experiments. Reproduced clinical data can be found in S/ Appendlix, Fig. S3 A and B.
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Fig. 3. The pEV fibrinogen is necessary to induce a A
spontaneous
wild-type C57BL/6 mice during MOGss ss-induced
EAE. (A) Topographic plot of proteomic (PF-2D)
analysis of mouse pEVs and identified fractions for
tandem mass spectrometry peptide identification.
Immunoblotting (Left) and immuno-EM (Right) con-
firmed EV marker (B) flotillin-1 (48 kDa) and (C)
blood coagulation factor fibrinogen alpha (63.5
kDa), beta (56 kDa), and gamma (47 kDa) chain ex-
pression on pEVs as confirmed by plasma-isolated
murine fibrinogen immunoblotting. (b’ and ¢’)
Secondary-only immuno-EM of pEVs. (D) Electron
micrograph of pEVs from plasma of Fib™~ mice
confirmed intact EV morphology. (E) Clinical effect
of pEVs isolated from Fib** or Fib™ mouse plasma
when injected (i.v.) into MOGss 55 EAE mice at peak F
clinical illness. (F) Representative clinical disease course

of individual MOGss_s5s EAE mice administered Fib**

or Fib™~ PEVs. (G) Grouped treatment effect data of
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experiments. Reproduced clinical data can be found in S/ Appendix, Fig. S5 A and B.

(Fig. 3 D and E). When the Fib~~ pEVs were administered to
MOG;3s_s5 EAE mice, these mice did not develop any change in
typical EAE course (Fig. 3 F and G), while administration of
Fib** pEVs induced the R/R clinical phenotype with disease
exacerbation as observed with other wild-type pEV donor blood
samples (Fig. 3 F and G), which was reflected by the increased
disease burden (Fig. 3H). These data determined that fibrinogen in
PEVs was required to induce a pattern of spontaneous relapsing—
remitting activity in EAE mice.

Fibrinogen Is Present in pEVs from MS Patients. To determine
whether pEVs from human blood, including in MS patients, also
contained fibrinogen, we performed a proteomic analysis of
pEVs from nondiseased subjects and patients with relapsing-
remitting MS (RRMS). LC-tandem mass spectrometry of the
pEVs also identified fibrinogen in human pEVs (SI Appendix,
Table S2). We validated isolation of pEVs and confirmed the
presence of fibrinogen in these pEVs by immunoblotting using
plasma-isolated human fibrinogen as a positive control (Fig. 4 A
and B). No apparent differences in fibrinogen peptide fragments
were identified by tandem mass spectrometry when comparing
RRMS with control pEV samples. Together, these data support
our experimental findings that the presence of fibrinogen in
pPEVs of RRMS patients may contribute to the inflammatory
differences underlying R/R disease activity.

Discussion

In this report, we demonstrate a mechanism to induce and study
encephalitogenic CD8+ T cells in the widely used MOGg;s_ss
EAE mouse model of MS. We show that pEVs administered to
mice with EAE at the time of peak clinical disease resulted in the
development of a unique spontaneous phenotype of relapsing—
remitting disease—a clinical feature not generally observed in
this MOG35_ss EAE mouse model. Using a top-down proteomics
approach to interrogate pEVs, we identified fibrinogen as the
component of pEVs responsible for inducing CD8+ T cell-
mediated spontaneous relapses.

CD8+ T cells are the predominant T cell subtype found within
active lesions in RRMS patients, which are posited to be the
primary cellular mediators of CNS injury during relapse events

Willis et al.

(27, 28). Despite this, the most widely studied mouse model of
MS, MOGg;s_ss EAE, induces a prominent CD4+ T cell-driven
disease (1). While this model has provided important insights
into the immunology of MS, the paucity of CD8+ T cells has
limited the detailed exploration on their role as a salient feature of
the disease in humans (7). Our study applied CyTOF analysis to
identify which immune cells in pEV-treated MOGs;5_s5s EAE mice
contributed to the relapsing phenotype. This unbiased approach
identified CD8+ T cells that, we subsequently determined by
immunoblocking, were responsible for the R/R phenotype in
pEV-treated mice. These data further strengthen the argument for
CDS8+ T cells as a driver of relapsing—remitting disease.
Widespread elevated expression of MHC class I antigens in
active lesions in acute and chronic MS (29, 30) suggests a per-
vasive role for cytotoxic CD8+ T cells in the MS brain that os-
tensibly could be studied more efficiently using this R/R EAE
system. Our findings on pathogenic CD8+ immune cells in this
spontaneous R/R EAE model contrasts with previous work by
others which reports potential beneficial actions of MOGg;s_s5-
specific CD8+ T cells as immunosuppressive through regulation
of CD4+ T cells (31, 32). However, our results are consistent
with work by others which demonstrated a pathogenic potential
of effector CD8+ T cells in a myelin basic protein model of
EAE in C3HeB mice (33). Our histological findings indicate the
presence of CD8+ T cells within areas of demyelination. This
may represent oligodendrocyte-specific autoreactive CD8+
T cells which have been found to lyse oligodendrocytes in vitro
(34). However, CD8+ T cells can also cause demyelination
through secretion of toxic factors, such as lymphotoxin, that are
also damaging to oligodendrocytes (35, 36). One consistent issue
reported in many previous studies examining CD8+ cells in EAE
models is the low frequency of CD8+ T cells (25), whereas we
found that, with pEV administration, there was a robust difference
in CD8+ T cells that was found to mediate the relapsing—remitting
disease activity. This difference in EAE phenotype following pEV
administration likely reflects a preferential activation of CD8+
precursors through a yet to be defined mechanism. In this context,
our data would place pEVs, and fibrinogen as a proximal driver of
encephalitogenic CD8+ T cells, in this disease model (Fig. 4C).
Future studies will be needed to resolve the identities and speci-
ficities of the CD8+ cell population(s), such as CD8+ populations
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Fig. 4. Western blot analysis of pEVs from RRMS patient samples identified
the presence of fibrinogen. Immunoblotting confirmed EV marker (A)
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promoting CD8+ T cell-mediated relapses and inflammation associated with
CNS demyelination.

other than CD3+ T cells (SI Appendix, Fig. S34), as well as the
modes of their initiation and expansion, to resolve their extent of
their contributions to promoting autoimmunity.

Fibrinogen is known to be a critical component of the blood
coagulation cascade that is cleaved into fibrin to stabilize the
formation of blood clots. Interestingly, due to a unique molec-
ular structure, binding sites on fibrinogen for receptors expressed
by CNS cells, such as astrocytes, oligodendrocytes, and microglia,
also mediate binding with other proteins (e.g., TGFp and Ap)
that have been found to regulate key nervous system functions
(26, 34). Our data support accumulating evidence that now point
to fibrinogen as an important disease-related trigger for the
development of an encephalitogenic adaptive immune response
associated with CNS demyelination with striking features similar
to those observed in human MS (24, 26). This result is consistent
with previous findings that fibrinogen-deficient plasma, when in-
jected into the brain parenchyma, did not induce an encephali-
togenic T cell response compared with fibrinogen-rich plasma
(24). That pEV fibrinogen was identified as the source of CD8+
T cell responses in R/R EAE mice was consistent with prior ob-
servations on the action of pEVs in other disease models. For
instance, in cancer, MHC class I and MHC class II complexes on EVs
have been shown to carry tumor or pathogenic peptides that can
stimulate CD4+ or CD8+ T cells directly, as well as indirectly
through interactions with antigen-presenting cells (APCs) (14). Ad-
ditionally, EVs can transfer both antigens and signals to APCs to
promote their activation into immunogenic APCs (15). That pEV
fibrinogen contributed to the development of CD8+ T cell immunity
suggests that fibrinogen, as a key cargo of EVs, may be important in
APC function during autoimmunity, and fibrinogen may facilitate this
action in some way. While we have determined that pEV fibrinogen
can evoke CD8+ T cells when administered to EAE mice, this ex-
perimental manipulation does not convey any information regarding
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the natural changes in pEVs or their cargo during the course of EAE
or MS. While future studies can expand upon these findings, the
precise mechanism by which pEV-associated fibrinogen achieves this
effect is unresolved. Nevertheless, based on these findings, we would
also postulate that pEV-associated fibrinogen in MS may contribute
to HLA class I linkage disequilibrium and increased susceptibility for
autoimmunity associated with this disease (37).

EV biology is a rapidly growing field of study. EVs are membrane-
bound organelles that are released from tissues containing a diverse
array of molecular cargo (e.g., RNA, protein, and metabolites) (38).
EVs have been identified in many different biofluids, including
blood plasma. The functional relevance of the release of EVs into
circulation in the broad contexts of health and disease is an area of
continuing investigation. Our data suggest that pEV functions are at
least partially reliant upon the EV proteome. Previous studies have
shown RNA and even protein transfer can occur as a consequence
of intercellular communication mediated by EVs (38). Of note is
that EVs are known to retain markers of their cells of origin, which
suggests that future studies may identify subpopulations from spe-
cific cell types that contribute unique or critical signals to the overall
EV population. Given the diverse potential effector functions of
EVs on the activity of the immune cells, our findings do provide
evidence that pEVs can influence autoimmune responses in a model
of MS. Moreover, our analysis of pEVs from healthy human donors
and from MS patients would suggest that, in patients, the presence
of fibrinogen in pEVs supports our experimental findings that it is
not the pEVs per se but their activity in combination with in-
flammation that elicits profoundly different outcomes. While fi-
brinogen itself is known to promote autoimmunity (24), the unique
aspect of fibrinogen associated with pEVs may also offer insights
into how EVs contribute to immunity. For instance, we speculate
that posttranslational modifications of peptides which have been
implicated as potential drivers of autoimmunity in other models (39)
may contribute to the potential for EV-associated peptides to pro-
mote autoimmunity and immune-mediated pathology in MS.

In summary, our findings highlight the potential influence of
CD8+ T cells in mediating autoimmunity in EAE mice. Our
elucidation of pEV fibrinogen-induced CD8-driven immunity in
EAE provides unique insights into plausible mechanisms by
which endogenous blood factors can drive encephalitogenic
T cell responses in MS. With continued study, we consider this
pEV—-EAE model a means by which to elucidate the etiology of
relapse activity in human RRMS (29, 33).

Materials and Methods

Animals. Mice used in this study included wild-type male C57BL/6 (strain
#000664; The Jackson Laboratory) and Fib™"mice (40) (kindly provided by Jay
Degen, Cincinnati Children’s Hospital Medical Center, Cincinnati, OH). All
procedures involving animals were conducted with prior approval from the
Institutional Animal Care and Use Committees at the University of Connecticut
School of Medicine and the University of California, San Francisco in accor-
dance with guidelines set forth by the National Research Council of the Na-
tional Academies Guide for the Care and Use of Laboratory Animals.

EAE was induced in wild-type C57BL/6 mice (8 wk to 12 wk old) as de-
scribed in S/ Appendix, Extended Materials and Methods. Also see SI Ap-
pendix, Extended Materials and Methods for additional details, including
experimental antibody treatments.

Blood Collection and pEV Isolation. Whole blood from naive C57BL/6 mice was
collected while mice were under deep isoflurane anesthesia, using a 1-mL
syringe that had been flushed with 0.5 M EDTA (Fisher Scientific). Whole
blood was collected from confirmed Fib™'~ and Fib*'* littermates and was
coded for genotype and blinded before pEVs isolation and EAE experiments.
Injected isolated pEVs into any single recipient were equal to the blood vol-
ume of one mouse’s (1.46 mL) whole blood. Each experimental subject was
considered an independent experiment, as the donor pEVs were not pooled or
shared across subjects, meaning that the sera from multiple unique donors
were collected to provide the pEVs for a single individual EAE recipient.

CyTOF. Spinal cords were obtained from vehicle or pEV-injected MOG3s_s5

EAE mice during an active relapse. Spinal cords were digested with a colla-
genase/DNase solution, and lymphocytes were isolated using a 70%/40%
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percoll gradient. Each sample (n = 4) was labeled with Cell-ID cisplatin to
identify live and dead cells and subsequently barcoded with Cell-ID Pd bar-
coding kit [all mass cytometry (CyTOF) reagents are from Fluidigm].
Immunohistochemistry was performed as described in SI Appendix, Ex-
tended Materials and Methods.
EM was performed as described in SI Appendix, Extended Materials
and Methods.

Proteomics. Please see S/ Appendix, Extended Materials and Methods.

Human Blood Samples. This study was approved by the Office for the Pro-
tection of Research Subjects at University of Illinois at Chicago and the De-
partment of Defense Human Research Protection Office. Plasma samples
were obtained from a total of three patients with MS and three healthy,
nondiseased controls, after patient consent (S/ Appendix, Table S3).

Western blot analysis was performed as described in S/ Appendix, Ex-
tended Materials and Methods.

Quantitative real-time PCR was performed as described in S/ Appendix,
Extended Materials and Methods.
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