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ARTICLE INFO ABSTRACT

Keywords: Mesenchymal stem cells (MSCs) influence T cells in health, disease and therapy through messengers of inter-
Autoimmunity cellular communication including extracellular vesicles (EVs). Apoptosis is a mode of cell death that tends to
T cell promote immune tolerance, and a large number of apoptotic vesicles (apoVs) are generated from MSCs during
IZ[; OC ptosis apoptosis. In an effort to characterize these apoVs and explore their immunomodulatory potential, here we show

that after replenishing them systemically, the apoV deficiency in Fas mutant mice and pathological lympho-
proliferation were rescued, leading to the amelioration of inflammation and lupus activity. ApoVs directly
interacted with CD4" T cells and inhibited CD25 expression and IL-2 production in a dose-dependent manner. A
broad range of Th1/2/17 subsets and cytokines including IFNy, IL17A and IL-10 were suppressed while Foxp3™
cells were maintained. Mechanistically, exposed phosphatidylserine (PtdSer/PS) on apoVs mediated the inter-
action with T cells to disrupt proximal T cell receptor signaling transduction. Remarkably, administration of
apoVs prevented Th17 differentiation and memory formation, and ameliorated inflammation and joint erosion in
murine arthritis. Collectively, our findings unveil a previously unrecognized crosstalk between MSC apoVs and
CD4" T cells and suggest a promising therapeutic use of apoVs for autoimmune diseases.

Extracellular vesicles

1. Introduction

Stromal cells influence immune cells in the microenvironment
through lines of intercellular communication including cell-cell contact,
soluble factors, and a more recently discovered mechanism, extracel-
lular vesicles (EVs) [1-3]. One example of stromal — immune cell
interaction is the crosstalk between mesenchymal stem cells (MSCs) and
T cells. Multipotent MSCs shape the stromal tissue, and their remarkable
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immunomodulatory capacity is widely applied in treating autoimmune
disorders, such as systemic lupus erythematosus (SLE) [4] and rheu-
matoid arthritis (RA) [5]. Accumulation of activated T cells facilitates
the breaching of tolerance and pathogenesis of these diseases; MSC
therapy (MSCT) is effective in rescuing these T cell dysregulations in SLE
and RA [6,7]. Intriguingly, the immunomodulation following MSCT can
last for months after administration, despite that intact MSCs become
undetectable within days [8,9]. Both living and apoptotic MSCs are
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effective in inducing immune tolerance [10,11]. It remains unclear how
dying MSCs achieve lasting immunomodulation and deciphering this
form of stromal — immune interaction is critical to unlock the thera-
peutic potential of MSCs on autoimmunity.

Apoptosis is the most common form of cell death, occurring in bil-
lions of cells daily. Through a characteristic process of membrane
blebbing and cellular component degradation, apoptotic cells break
down and release numerous EVs. These subcellular structures, originally
termed apoptotic bodies, turn out to be more diverse in their size,
content and mechanism of formation than initially thought, and the
term “apoVs” is now used to describe them. We have systemically
characterized MSC-derived apoVs [12] and found an alternative route to
eliminate apoVs in vivo [13]. ApoVs have advantages in intercellular
communication since they can release multiple components inherited
from parent cells either directly contact of living cells or endocosed by
recipient cells to achieve therapeutic effect [14]. We previously identi-
fied that MSC-derived apoptotic bodies transferred proteins and
microRNAs to recipient MSCs and rescued osteoporosis in
apoptosis-deficient mice [15], improved type 2 diabetes via restoring
liver macrophage homeostasis [16] and attenuated sepsis by switching
neutrophil NETosis to apoptosis [17].

Apoptosis is the gatekeeper to immune tolerance by selecting T cell
maturation in the thymus as well as controlling T cell activation in pe-
ripheral tissues [18]. Apoptosis is generally considered
non-inflammatory as opposed to the inflammatory response triggered by
necrosis. A number of recent studies have revealed promising immu-
nosuppressive efficacy using apoptotic MSCs or mononuclear cells for
treating inflammatory arthritis, graft-versus-host disease and sepsis [19,
20]. To elucidate whether immune dysregulation and autoimmunity can
be modulated with mesenchymal apoVs in this study, we characterized
MSC apoVs and utilized in vitro cultured T cells and murine models of
SLE and RA to study MSC apoV - T cell interaction.

2. Results
2.1. MSC apoVs rescue lymphoproliferation in mice with lupus

In this study, apoVs were mainly induced and collected from murine
bone marrow mesenchymal stromal cells (BMMSCs) (Fig. S1A). As the
first identified and well-studied MSCs, BMMSCs were used as cell source
to generate apoVs. Apoptosis was induced with staurosporine (STS) via
both caspase-dependent and caspase-independent pathways [21]. Using
a modified method (Fig. S1B) based on our previous work [15], we
identified new characteristics of apoVs. Compared to the non-apoptotic
control, STS treatment increased the yield of EVs by greater than 5-fold
(Figs. S1C-E), granting a quantitative advantage to apoVs over
non-apoptotic EVs. The apoVs we isolated were smaller in size
(100-350 nm in diameter, averaging 200 nm), with a spherical shape,
and positive for the apoptosis marker PtdSer/PS (Figs. S1F-H). There
were almost 10-fold as many of them as non-apoptotic BMMSC-derived
exosomes from the same number of cells. ApoVs with similar charac-
teristics can be isolated from the spleen (Fig. S1I) and the serum as well
(Fig. S1J).

We hypothesized that the production of apoVs was proportionate to
the level of apoptosis, translatable to the number of apoptotic cells when
studied in a given cell culture system. With a defective apoptotic
pathway, we found a decreased production of apoVs in vitro by Fas-
mutant MRL/Ipr BMMSCs (Figs. S2A and B) compared to the apoVs
produced by the same number of BMMSCs from wild-type (WT) mice,
suggesting an apoV deficiency relative to the number of cells in culture
from MRL/Ipr donors, which was restored by STS treatment. We also
found that BMMSCs produced 245-fold more apoVs than an equal
number of T cells in vitro (Fig. S2C), making BMMSCs a superior donor
source of applicable apoVs.

To investigate whether there is an apoV deficiency in vivo similar to
that in vitro in MRL/Ipr mice, and to determine its relationship with T
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cells, we examined the levels of apoVs in age-matched female MRL/MpJ
(MRL/wt), MRL/Ipr, and MRL/Ipr mice supplemented with weekly
apoVs (derived from C57bl6 BMMSCs) for 4 weeks (Fig. 1A). In order to
proportionately quantify apoVs relative to the number of cells in vivo,
considering the great number of T cells accumulated in MRL/Ipr mice
compared to MRL/wt mice, a normalized ratio of apoV/T cell was used.
We found an apoV deficiency relative to the T cell numbers in the cir-
culation and spleen of MRL/Ipr mice compared to MRL/wt mice, which
was restored by apoV supplementation (Fig. 1B). ApoV replenishment
significantly decreased the number of T cells accumulated in lymphoid
tissues, such as the spleen and the mesenteric lymph node (MLN)
(Fig. 1C). MRL/Ipr mice had a 3-fold expansion of the CD4" T effector
memory population (Tem) and a 6-fold reduction in the naive CD4* T
cell population comparing to MRL/wt mice, both of which were partially
rescued by apoV replenishment (Fig. 1D and E). Inflammatory features
including increased frequency of IFNy"CD4™ T cells (Fig. 1F), increased
serum IFNy level (Fig. 1G), and decreased frequency of Foxp3*CD4" T
cells (Fig. 1H) were reversed in apoV-treated MRL/Ipr mice. We next
evaluated the long-term effect of apoV supplementation (Fig. 1I).
Beneficial effects on preventing the development of severe proteinuria
(Fig. 1J) and lupus nephritis (Fig. 1K) were observed with apoV
replenishment. Long-term apoV supplementation greatly diminished the
lymphoproliferation phenotype in MRL/Ipr mice, as evidenced by dra-
matic reduction in the size and weight of the spleen and the MLN (Fig. 1L
and M), which were accompanied by decreased T cell accumulation in
the lung and the colon (Fig. 1N). The level of anti-dsDNA IgG was also
decreased in the long-term apoV supplementation group (Fig. 10). Of
further importance, these beneficial effects on T cells, tissues, and
serological parameters were reflected in the prolonged survival of apoV-
supplemented mice with lupus (Fig. 1P). These data suggest that there is
an association between the quantity of apoVs and T cells, and that
BMMSC-derived apoVs are therapeutically beneficial for murine lupus.

2.2. ApoVs exert a unique immunomodulatory function via tuning the
activity of CD4" T cells

To investigate whether the effect of apoVs on CD4™ T cells is bene-
ficial beyond Fas-mutant MRL/Ipr mice, we expanded T cells from
splenocytes of C57BL/6 mice. Firstly, by controlling the input apoV
number with respect to splenocytes, we compared the dose-effect of
apoVs on the activation of CD4™ T cells (Fig. 2A). While the expansion of
CD25" activated CD4" T cells gradually decreased as the dosage of
apoVs increased in splenocyte culture stimulated with anti-CD3/CD28
antibodies, it remained steady in unstimulated culture regardless of
the dosages of apoVs. This suppressive effect reached a plateau with an
apoV: splenocyte ratio of 0.2 : 1 or higher (Fig. 2A and B). IL-2 in the
supernatant responded with a dose-dependent decrease inversely pro-
portional to the number of apoVs in the culture (Fig. 2C). Next, we
examined whether the effect of apoVs on T cells would be dampened by
stronger stimulation on the T cell receptor. Contrary to our expectation,
fewer activated CD4" T cells were found in splenocytes stimulated with
a higher concentration of anti-CD3/CD28 antibodies when apoVs were
present (Fig. 2D). When apoVs were present during non-polarizing
stimulation with anti-CD3/CD28 antibodies, expansion of effector
populations including Th1 (IFNytCD4™), Th17 (IL-17A"CD4™) and Th2
(IL-47CD4™) were all limited, accompanied by a decreased level of su-
pernatant cytokines including IFNy, IL-17A and IL-10 (Fig. 2E and F). In
contrast to the increased Foxp3" frequency we observed in MRL/Ipr
mice supplemented with apoVs, Foxp3"CD4" T cells in vitro were
neither expanded when apoVs were present, nor significantly sup-
pressed like other effector subsets (Fig. 2G). Our findings demonstrated
that apoVs possess a unique immunomodulatory function that results in
dose-dependent, preferential suppression of effector CD4" T cells. This
function appears to be involved in the maintenance of immune ho-
meostasis, as this modulatory effect of apoVs was minimal on unsti-
mulated T cells and amplified when T cells had stronger TCR
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Fig. 1. ApoVs rescue dysregulated T cell proliferation and ameliorate murine lupus. (A) Scheme of 4-week systemic apoV supplementation in MRL/Ipr mice.
(B) Normalized ratio of apoVs/T cells in circulation and spleen of MRL/Ipr mice treated with or without apoVs for 4 weeks in comparison to age-matched MRL/wt
mice analyzed by flow cytometry. N = 6 per group. (C) Numbers of CD3™ cells in spleen and mesenteric lymph node (MLN) of MRL/Ipr mice treated with or without
apoVs for 4 weeks in comparison to age-matched MRL/wt. N = 6 per group. (D, E) Frequency of naive, central memory (Tcm), effector memory (Tem), and effector
CD4" T cells in spleen of MRL/Ipr mice treated with or without apoVs for 4 weeks in comparison to age-matched MRL/wt. N = 6 per group. (F, G) Frequency of
IFNy*CD4™ T cells in spleen and MLN analyzed by flow cytometry, and serum levels of IFNy measured by ELISA of MRL/Ipr mice treated with or without apoVs for 4
weeks in comparison to age-matched MRL/wt. N = 6-11 per group. (H) Frequency of Foxp3"CD4" T cells in spleen and MLN of MRL/Ipr mice treated with or without
apoVs for 4 weeks in comparison to age-matched MRL/wt. N = 6 per group. (I) Scheme of long-term systemic apoV supplementation in MRL/Ipr mice. (J) Severe
proteinuria (>0.3 g/L) onset in MRL/Ipr mice treated with or without apoVs for 8 weeks in comparison to age-matched MRL/wt mice. N = 6 per group. (K)
Representative hematoxylin and eosin (HE) staining and Masson’s trichrome staining of kidney from MRL/Ipr mice treated with or without apoVs for 12 weeks in
comparison to age-matched MRL/wt mice. Green triangle indicates immune cell infiltration. Yellow triangle indicates eosinophilic material deposition. Black triangle
indicates necrotic glomerulus. Black contour indicates crescent formation. Scale bar = 50 pm. (L, M) Size and weight of spleen and MLN of MRL/Ipr mice treated with
or without apoVs for 12 weeks in comparison to age-matched MRL/wt mice. N = 6 per group. Scale bar = 1 cm. (N) Representative immunofluorescence staining of
CD3" T cells in lung and colon of MRL/Ipr mice treated with or without apoVs for 12 weeks in comparison to age-matched MRL/wt mice. Scale bar = 200 pm. (O)
Serum levels of anti-dsDNA IgG measured by ELISA from MRL/Ipr mice treated with or without apoVs for 4 weeks in comparison to age-matched MRL/wt. N = 5-15
per group. (P) Survival of MRL/Ipr mice treated with or without apoVs starting at 8 weeks in comparison to age-matched MRL/wt mice. N = 6 per group. Kruskal-
Wallis test and ANOVA was used for comparison among three groups when appropriate. Mantel-Cox test was used for proteinuria and survival analysis. Data are
shown as mean + standard deviation. ns, not significant. *, p < 0.05. **, p < 0.01. ***, p < 0.001. ****, p < 0.0001.
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Fig. 2. ApoVs preferentially suppress activation of effector T cells in a dose-dependent manner. (A, B) Frequency of activated CD4" T cells measured in vitro
after 3 days with or without anti-CD3/CD28 antibody stimulation in the presence of different doses of apoVs. Representative flow cytometric analyses of CD25
expression on CD4" T cells are shown. N = 5 per group. (C) Level of IL-2 in splenocyte culture supernatants measured by ELISA after 3 days of anti-CD3/CD28
antibody stimulation in the presence of different doses of apoVs. N = 5 per group. (D) Frequency of activated CD4" T cells measured in vitro after 3 days with 1
pg/mL (Lo) or 10 pg/mL (Hi) anti-CD3/CD28 antibody stimulation in the presence of 0.2x apoVs. Representative flow cytometric analyses are shown. N = 3-4 per
group. (E) Frequency of Th1, Th17 and Th2 of CD4™ T cells measured in vitro after 3 days with or without anti-CD3,/CD28 antibody stimulation in the presence of 0.2x
apoVs. N = 3 per group. (F) Levels of IFNy, IL-17A and IL-10 in splenocyte culture supernatants measured by ELISA after 3 days of anti-CD3/CD28 antibody
stimulation in the presence of 0.2x apoV. N = 3 per group. (G) Frequency of Foxp3"CD4" T cells measured in vitro after 3 days with or without anti-CD3/CD28
antibody stimulation in the presence of 0.2x apoVs. N = 4 per group. Mann-Whitney test and student’s t-test was used for comparison between two groups when
appropriate. Kruskal-Wallis test and ANOVA was used for comparison among multiple groups when appropriate.Data are shown as mean =+ standard deviation. ns,
not significant. *, p < 0.05. **, p < 0.01. ***, p < 0.001. ****, p < 0.0001.

stimulation. pretreatment successfully dampened the suppressive effect of apoVs on
To investigate the effect of apoVs on Fas-intact T cells in vivo, we CD4™" T cell activation and the IL-2 level (Fig. 3F and G).
administered weekly injections of apoVs to C57BL/6 mice for 4 weeks We next compared the effects of apoVs, exosomes and conditioned

(Fig. S3A). The frequency of CD25" activated CD4" T cells transiently medium containing soluble components of apoVs (sApoVs) prepared
decreased at 24 h post-injection, more significantly in the spleen than in from the same number of BMMSCs (Fig. 3H). Activation of CD4" T cells
the circulation (Fig. S3B). Systemic apoV administration did not alter was best suppressed by direct contact with apoVs, to a significantly
the homeostasis of C57bl6 mice, as shown by the comparable fre- lesser degree by the soluble components in apoV-conditioned-medium,
quencies of effector-memory-naive CD4" T cells (Fig. S3C), Th1/Th17/ and not at all by exosomes (Fig. 3I). Using equal numbers of apoVs
Th2 (Fig. S3D) and Treg (Fig. S3E) subsets. These data indicate that derived from BMMSCs, C57bl6 (denoted as WT) T cells and MRL/Ipr
apoVs did not compromise the T cell immunity in healthy mice under (denoted as LPR) T cells, once the doses of apoVs reached the suppres-
physiological conditions. sion plateau we described before, comparable suppression of CD4 " T cell
activation was achieved regardless of the cell source, although it took a
much larger number of T cells than BMMSCs to obtain the same number
of apoVs (Fig. 3J). ApoVs were effective in suppressing activation of
CD4" T cells in human peripheral blood mononuclear cells (PBMCs),
indicating species-independent efficacy (Fig. 3K). These data confirm
that the main functional molecules of apoVs are broadly expressed by
different types of cells and on the membrane surface of apoVs to allow
contact-mediated suppression of T cells.

To track the contact and interaction of apoVs with T cells, we per-

2.3. ApoVs inhibit proximal TCR signaling via direct contact with T cells

To investigate if immunomodulation can be achieved via direct
contact of apoVs with T cells, we investigated whether T cell activation
can be suppressed in the absence of macrophages. After CD11b" cells
were depleted in CD11b-DTR mice using diphtheria toxin (Fig. 3A), the
frequency of CD25™ activated CD4™ T cells in the spleen also decreased
at 24 h post-injection (Fig. 3B), suggestive of macrophage-independent formed time-course immunofluorescence tracking as well as live cell
effects. Then, when naive CD25 CD4 " T cells were purified from mouse imaging of the apoV-T cell co-culture. Thirty to 60 min after adding

spleen and stimulated in vitro, apoVs were able to directly act on these T apoVs to T cell culture, 40-60% of T cells co-localized with PKH26-
cells and greatly suppress their activation (Fig. 3C-E). As apoVs express

the apoptotic marker PS on their membrane surface, to further elucidate
how apoVs modulate T cells activity via direct contact, we attempted to
block PS-based interaction using annexin V (A5) pre-treatment. A5-

labelled apoVs, indicating direct contact (Fig. 3L and M). Notably,
when blocked with A5 pre-treatment, contact between apoVs and T cells
drastically decreased (Fig. 3N). Moreover, in T cells treated with apoVs,
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Fig. 3. ApoVs directly interact with T cells via phosphatidylserine to inhibit TCR signaling. (A) Representative images of flow cytometric analysis of CD11b
expression on CD11b-DTR mice treated with or without diphtheria toxin (DT). (B) Frequency of CD257CD4™" T cells in circulation and spleen of CD11b-DTR mice at
24 h after treatment with or without apoVs. N = 3 per group. (C-E) The experimental scheme, representative flow cytometric analyses and quantification of CD25
expression from naive CD4" T cell cultures that were unstimulated (Unstim) or anti-CD3/CD28 stimulated with or without 0.2x apoVs. N = 3 per group. (F)
Activation fold change of naive CD4" T cells stimulated in the presence of PBS (Ctr), 0.2x apoVs (ApoVs) or 0.2x annexin V (A5) pre-treated apoVs. N = 4 per group.
(G) IL-2 levels in supernatants of naive CD4 " T cells stimulated in the presence of PBS (Ctr), 0.2 x apoVs (ApoVs) or 0.2 x annexin V (A5) pre-treated apoVs. N = 4 per
group. (H, I) Representative flow cytometric analyses and quantification of CD25 expression on CD4" T cells from splenocyte cultures that were unstimulated
(Unstim), anti-CD3/CD28 stimulated in the presence of PBS (Stim), apoVs, exosome or soluble fraction of apoVs (sApoVs). N = 3-4 per group. (J) Frequency of
CD25"CD4" T cells measured in vitro after 3 days with or without anti-CD3/CD28 antibody stimulation in the presence of 1x apoV (1 apoV: 1 T cell) derived from
BMMSCs or T cells from C57bl6 (WT) and MRL/Ipr (LPR) mice. N = 3-6 per group. (K) Frequency of activated CD4" T cells in healthy human peripheral blood
mononuclear cells (PBMC) measured in vitro after 3 days with or without anti-CD3/CD28 antibody stimulation in the presence of different doses of apoVs derived
from mouse BMMSCs. N = 3-5 per group. (L) Representative immunofluorescence staining of CD3™ T cells and PKH26-labelled apoVs with or without A5 pre-
treatment. Scale bar = 10 pm. (M) Frequency of apoVs™ T cells after 15, 30 and 60 min of coculture measured by immunofluorescence staining. N = 3 per
group. (N) Frequency of apoVs™ T cells after 60 min of coculture with or without A5 pre-treatment measured by immunofluorescence staining. N = 3 per group. (0)
Western blotting shows expression of proximal TCR signaling proteins p-CD3, p-ZAP70, p-LCK, p-PLCy and NFAT1 in naive CD4™" T cells stimulated with anti-CD3/
CD28 antibodies in the presence of PBS (Ctr), 0.2 x apoVs (ApoVs) or 0.2 x annexin V (A5) pre-treated apoVs for 1 h. Mann-Whitney test and student’s t-test was used
for comparison between two groups when appropriate. Kruskal-Wallis test and ANOVA was used for comparison among three groups when appropriate. Data are
shown as mean + standard deviation. **, p < 0.01. ***, p < 0.001. **** p < 0.0001.

the phosphorylation of proximal TCR signaling was diminished, 2.4. Exposed PS on apoVs is required for inmunomodulation in murine
showing a blockage of signaling transduction, which was rescued as a lupus

result of the decreased contact between A5-pretreated apoVs and T cells

(Fig. 30). We next test whether PS was indeed the key to apoV interaction with

T cells. PS can be recognized by receptors such as T-cell immunoglobulin
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and mucin-domain containing-3 (TIM-3), a coinhibitory receptor
expressed on strongly or chronically stimulated T cells, particularly Th1
and Th17 cells [22]. Through confocal imaging of stimulated T cells, we
found a colocalizing pattern of TIM-3 and the ganglioside
GM-1-enriched lipid raft structure of the cell membrane, which indicates
physical proximity between TIM-3 and the TCR complex (Fig. S4A).
When PKH26-labelled apoVs were added to stimulated T cells, these
apoVs also colocalized with GM-1 and appeared to be inserted into the
lipid raft as well (Fig. S4B). ApoVs came into close contact with the CD3
molecule on the lipid raft (Fig. S4C), providing a physical base for apoVs
to modulate CD3-TCR complex activity on T cells. When SDS-soluble
lipid raft components were extracted from T cells, we confirmed
TIM-3 expression on the caveolin-containing lipid raft, as well as CD3,
but not other cytoplasmic proximal TCR signaling molecules such as
Zap70 or LCK (Fig. S4D). Phosphorylation of CD3 was also diminished in
T cells treated with apoVs, but not with A5-pretreated apoVs (Fig. S4D).
In addition, by blocking T cells with TIM-3 antibody, the suppressive
effect of apoVs on T cells was partially blocked (Fig. S4E), supporting the
notion that the interaction between PS on apoVs and TIM-3 on T cells is
important for the immunomodulatory function of apoVs.

To further confirm that blocking PS would suppress the immuno-
modulatory effect of apoVs on T cells in vivo, we gave MRL/Ipr mice
weekly supplements of apoVs or A5-pretreated apoVs for 4 weeks
(Fig. 4A). A5-pretreated apoVs failed to correct the deficient level of
apoVs with respect to T cells in the circulation and the spleen of these
mice (Fig. 4B). Without a corrected apoV level, not surprisingly, A5-
pretreated apoVs did not rescue the frequency of IFNy"CD4™1 T cells
nor the serum IFNy level (Fig. 4C and D) like normal apoVs did. A5-
pretreated apoVs performed poorly at rescuing the expansion of CD4"
Tem and the reduction of naive CD4™ T cells compared to normal apoVs
(Fig. 4E and F), and similarly in rescuing the level of anti-dsDNA IgG
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(Fig. 4G). Taken together, these data suggest that apoVs ameliorate
murine lupus via PS-based immunomodulation.

2.5. ApoVs render therapeutic benefits for inflammatory arthritis via PS

We next investigated whether apoVs can be applied therapeutically
for another autoimmune disorder, collagen-induced arthritis in mice.
Dysregulated Th17 cells play an important role in inflammatory arthritis
[23]. We first examined whether apoVs could affect the differentiation
of Thl7 cells. Under Thl7 polarizing conditions, we found a
dose-dependent suppressive effect of apoVs on Th1l7 differentiation
(Fig. S5A). A significant suppression of IL-17A production by apoVs was
detected as early as 6 h of co-culture (Fig. S5B). Compared to their
BMMSC source cells, which have been shown to suppress Th17 cells in
vitro and in vivo [24], apoVs from the same number of BMMSCs had an
even stronger suppressive effect on Th17 differentiation (Fig. S5C).

PKH26-labelled apoVs were mainly distributed in the liver and femur
of MRL/Ipr and arthritis mice (Fig. S6A and B). We also found that pe-
ripheral blood circulating vesicles contained apoVs which were
decreased significantly after 7 days of apoV administration (Fig. S6C and
D). Furthermore, intraperitoneally injected apoVs can remain in the
liver and femur for 7 days (Fig. S6B) and do not cause any damage in
these tested organs as shown by histological analysis (Fig. S6E and F).

We next compared the therapeutic benefit of apoVs to that of
BMMSCs and TNF inhibitors (TNFi) in arthritic mice (Fig. 5A). We found
lower arthritis clinical scores in mice receiving apoVs, BMMSCs or TNFi
during the entire course of disease, with apoVs and TNFi outperforming
BMMSCs from D33 to the endpoint (Fig. 5B and C). Tissue damage
involving the bone and joint was evaluated with a histological scoring
system based on the level of inflammation, pannus formation, as well as
cartilage and bone erosion (Fig. 5D and E). The comprehensive
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Fig. 4. Blocking phosphatidylserine on apoVs stunts their immunoregulatory effect in murine lupus. (A) Scheme of 4-week systemic infusion of apoVs or A5
pre-treated apoVs in MRL/Ipr mice. (B) Normalized ratios of apoVs/T cells in circulation and spleen of MRL/Ipr mice treated with apoVs or A5 pre-treated apoVs for 4
weeks in comparison with age-matched MRL/Ipr mice analyzed by flow cytometry. N = 6 per group. (C, D) Frequency of IFNy"CD4 ™ T cells in circulation and spleen
analyzed by flow cytometry, and serum levels of IFNy measured by ELISA of MRL/Ipr mice treated with apoVs or A5 pre-treated apoVs for 4 weeks in comparison
with age-matched MRL/Ipr mice analyzed by flow cytometry. N = 6 per group. (E, F) Frequency of naive, central memory (Tcm), effector memory (Tem), and effector
CD4" T cells in spleen of MRL/Ipr mice treated with apoVs or A5 pre-treated apoVs for 4 weeks in comparison with age-matched MRL/Ipr mice. N = 4-6 per group.
(G) Serum levels of anti-dsDNA IgG measured by ELISA from MRL/Ipr mice treated with apoVs or A5 pre-treated apoVs for 4 weeks in comparison with age-matched
MRL/Ipr mice. N = 6 per group. Mann-Whitney test and student’s t-test was used for comparison between two groups when appropriate. Kruskal-Wallis test and
ANOVA was used for comparison among three groups when appropriate. Data are shown as mean + standard deviation. ns, not significant. *, p < 0.05. **, p < 0.01.

*%,p < 0.001. **** p < 0.0001.
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Fig. 5. One-time apoV injection ameliorates murine arthritis. (A) Scheme of D14 systemic apoV injection in collagen-induced arthritic DBA/1 (CIA) mice. (B, C)
Comparison of clinical scores measured every 3 days in mice receiving D14 apoVs once, D14 BMMSCs once, or TNFi or PBS twice/week starting from D14 until the
endpoint. N = 7-8 per group. (D, F) Representative images and histological scores of arthritic front and hind paws of CIA mice receiving apoVs, BMMSCs, TNFi or
PBS at the time of harvest. (E) Representative images of HE staining, fast green staining of collagen (green) and microCT (pCT) of arthritic joints of CIA mice receiving
apoVs, BMMSCs, TNFi or PBS at the time of harvest. N = 5-7 per group. Scale bar = 200 pm in HE and fast green staining. Scale bar = 1 mm in pCT images. (G, H)
Representative flow cytometric staining of IL-17 and frequency of Th17 cells from DLN and spleen of CIA mice receiving apoVs, BMMSCs or PBS at the time of
harvest. N = 5-7 per group. Kruskal-Wallis test and ANOVA was used for comparison among three groups when appropriate. Data are shown as mean =+ standard
deviation. *, p < 0.05. **, p < 0.01. ****, p < 0.0001.

histological scores showed that one infusion of apoVs led to significantly decreased level of Th17 cells in DLN and the spleen was seen in apoV-
improved tissue integrity, similar to the impact of TNFi and out- and PS liposome-treated mice, but not in mice receiving A5-pretreated
performing that of BMMSCs (Fig. 5F). Mice treated with apoVs or apoVs (Fig. 6G). Collectively, these data indicate that stroma-derived
BMMSCs showed a reduction in the frequency of Th17 cells in both their apoVs effectively modulate the activity of CD4" T cells via exposed PS
spleen and draining lymph nodes (DLN) compared to PBS-treated con- and protect mice from developing inflammatory arthritis in vivo.

trols, while apoV administration resulted in an even lower level of Th17

cells in the spleen than BMMSCs did (Fig. 5G and H). These findings 3. Discussion

supported the notion that apoVs show outstanding therapeutic benefits

for inflammatory arthritis. In this study we showed that MSC-apoVs have the capacity to
Finally, we evaluated the role of PS in mediating the therapeutic modulate T cell immunity and ameliorate autoimmune disorders.
effect of apoVs in arthritis. We added equal numbers of apoVs and li- Phenotypically, supplementing mesenchymal apoVs partially rescued
posomes made entirely of PS to T cells separately, and they exhibited apoptosis-defective lymphoproliferation in MRL/Ipr mice and attenu-
comparable suppression of T cell activity in vitro (Fig. 6A), suggesting PS ated disease severity in murine model of lupus and arthritis. Function-
on apoVs could directly exert an immunomodulatory effect on T cells. ally, MSC-apoVs directly modulated T cell activity by suppressing
ApoVs, A5-pretreated apoVs, PS liposomes or PBS were given once at the effector T cell activation and IL-2 secretion in a dose-dependent manner.
time of primary immunization (Fig. 6B), and arthritic activity was Mechanistically, direct membrane contact of apoVs and T cells mediated
monitored in DBA/1 mice for 42 days. While mice treated with apoVs by PS disrupted CD3 phosphorylation on the lipid raft and destabilized T
and PS liposomes showed a significantly milder clinical arthritic activ- cell activation signal transduction. These results unveiled a previously
ity, mice that received A5 pre-treated apoVs had similarly severe unrecognized mechanism of apoV-mediated tuning of T cell membrane
arthritis to PBS-treated controls (Fig. 6C-E). When the frequency of Tem structure and TCR signaling, and a beneficial role of apoVs in regulating
among CD4™ T cells in the blood was measured at D14 and D42, apoV- T cell activity in autoimmune disorders.
treated mice had the lowest Tem at both time points (Fig. 6F). A MSC therapy has demonstrated potent efficacy in treating various
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and D42. N = 3-4 per group. (G) Frequency of Th17 cells from draining lymph nodes (DLN) and spleen of CIA mice receiving DO PBS, apoVs, A5 pre-treated apoVs, or
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standard deviation. ns, not significant. *, p < 0.05. **, p < 0.01. *** p < 0.001. **** p < 0.0001.

inflammatory and autoimmune disorders [4,25] as one of the most
popular platforms to produce anti-inflammatory factors including EVs
[26-28]. Smaller in size and greater in number than their cells of origin,
EVs are easily disseminated in the body fluid and tissue spaces, making
them easily accessible to nanometer-scale molecular complexes (such as
major histocompatibility and T cell receptor) on recipient cells [29]. Our
results revealed intriguing features of the production of MSC-EVs: apoVs
generated by MSCs overwhelmingly outnumber those generated by an
equal amount of T cells, and EV levels significantly increase when MSCs
undergo apoptosis. Given these advantages, it is not surprising that
apoVs are critical players in MSC-mediated immunomodulation.
Dysregulations of T cells, including excessive lymphoproliferation
[30]1, disproportionate expansion of pro-inflammatory CD4" subsets
[31] and uncontrolled activation [32], are the gateways leading to
autoimmunity. ApoVs showed robust suppressive effects in response to
strong T cell activation in cell culture and in murine lupus and arthritis,
while maintaining a basal level of immune activity with balanced CD4 "
T cell subsets in unstimulated cell culture and uninflammed mice, sug-
gesting that apoV-mediated T cell modulation adapts to the extent of
immune dysregulation. Through suppressing IL-2 secretion, apoVs
showed preferential suppression of effector subsets including Th1l and
Th17 cells, while the frequency of Tregs appeared to be less affected by
IL-2 deprivation (possibly due to their higher affinity to IL-2), making
apoVs suitable for treating inflammatory and autoimmune disorders.
Besides the factors contributing to T cell accumulation such as prolif-
eration and maturation, defective cell death may also lead to T cell
accumulation, and these factors are not independent, as in some cases T
cell activation may prevent apoptosis while in others activated T cells
are more prone to death. Whether apoVs induce T cell death as an
axillary mechanism to rescue aberrant T cell activation in autoimmune
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disorders remains to be elucidated.

In the context of tumors [33], viral infection [34] and autoimmune
therapy [35], it is proposed that apoptotic cells pass on their immuno-
modulatory signals via cell-cell contact during efferocytosis by macro-
phages, which subsequently induce a cascade of anti-inflammatory
cytokines and stunt pro-inflammatory T cell subsets [10,36,37]. This
type of cell-cell communication acts through an “engulfment synapse”
structure on the lipid raft [38], a model proposed to explain the tight
coupling between the exposed PS on apoptotic cells, and the PS receptor
TIM family and scavenger receptors including CD36 and LFA-1 on
phagocytes [38-40]. Since TIM-3 is preferentially expressed on Th1l and
Th17 cells [22], interaction with apoVs is not an exclusive privilege for
phagocytes, and may be achieved in ways other than engulfment. Pre-
vious studies showed elevated level of TIM-3 on activated memory T
cells in inflamed conditions such as lupus and arthritis over unstimu-
lated naive T cells, supporting our findings and making apoVs suitable
for treating inflammatory disorders [41-43]. Furthermore, we observed
restored TCR signaling and higher disease activity in T cells cocultured
with A5-pretreated apoVs, suggesting the blockage of PS recognition
promoted inflammatory phenotypes of T cells and aggravated autoim-
mune disorders [44]. From the perspective of T cells, our findings
contribute to explaining the associations between defective apoptosis
clearance and autoimmunity. While PS-mediated direct contact with T
cells may account for the T cell suppressive effect of apoVs in large
doses, there are clear evidence of other bioactive components in the
apoVs which could be released into the circulation (Fig. 4H and I), and
possibly components modulating other immune function and main-
taining homeostasis (Fig. S3). Our recent work identified a plethora of
proteins enriched in the KEGG immune system pathways within
MSC-derived apoVs [12], and the specific bioactivities of these proteins,
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as well as other components such as lipids and miRNAs in the apoVs,
warrants further investigation in health and disease. These intriguing
effects of apoVs call for future studies to explore their full potential in
bioengineering and as therapies for other diseases.

There are several unanswered questions awaiting future investiga-
tion. First, although by replenishing apoVs we restored the apoV/T cell
ratio in apoptosis-defective mice, the function of cell-specific apoVs in
the local microenvironment remains to be elucidated. Second, the effect
of apoVs on other immune cells is not fully explained. The conserved and
common membrane interaction based on PS and its receptors indicates
this mechanism can be exploited by many leukocytes including CD8" T
cells, B cells, and myeloid cells in various scenarios. The therapeutic
benefits of apoVs can be potentially applied in diseases featuring the
dysregulation of these cells. For instance, apoVs may inhibit proximal
TCR signaling via direct contact with T cells in CD8™ T cells, and it may
potentially alter anti-tumor immunity in the tumor microenvironment,
while blocking PS recognition through A5 and TIM-3 blocking anti-
bodies may provide therapeutic benefits. Lastly, based on the partial but
not complete loss of suppressive capacity we observed with apoV-
conditioned medium, there must be more functional molecules
released into the medium. A broader profiling of the content in apoVs
will therefore be important for more precise therapeutic application in
the future.

4. Materials and methods
4.1. Mice

MRL/Ipr (JAX #000485), MRL/MpJ (JAX #000486), C57BL/6 (JAX
#000664), CD11b-DTR (JAX #006000) and DBA/1 (JAX #000670)
mouse strains were obtained from Jackson Laboratory. Age-matched
female MRL/Ipr and MRL/MpJ mice were used at indicated ages for
respective experiments. Both sexes of C57BL/6 and CD11b-DTR mice at
ages of 8-12 weeks were used for respective experiments. Male DBA/1
mice at ages of 8-12 weeks were used for the collagen-induced arthritis
model. All animal experiments were performed under animal research
guidelines and an institutionally approved protocol at the University of
Pennsylvania (IACUC #805478).

4.2. Culture of mouse BMMSCs

Mouse bone marrow-derived cells were isolated from limbs of
C57BL/6 mice and adherent cells were maintained for 2 passages to
enrich for BMMSCs, as previously described [1,15]. Briefly, marrow
cells were flushed out of long bones with PBS supplemented with 10%
fetal bovine serum (FBS) and seeded at a density of 1.5 x 107 cells per
10 cm culture dish. Non-adherent cells were removed after 48 h and
attached cells were maintained for 16 days in alpha-Minimum Essential
Medium (a-MEM) (12571-048, Invitrogen, USA) supplemented with
20% FBS (100-106, Gemini Bio, USA), 2 mM t-glutamine (35050-061,
Invitrogen, USA), 55 pM 2-mercaptoethanol (21985-023, Invitrogen,
USA), 100 U/mL Penicillin-Streptomycin (15140122, Gibco, USA) and
10 nM dexamethasone (50-02-2, Sigma-Aldrich, USA). BMMSCs at the
second passage were analyzed for surface markers by flow cytometry
and used in apoptotic induction and co-culture experiments.

4.3. Preparation of apoVs

Cell-derived apoVs were isolated from apoptotic cells using a serial
centrifugation protocol we previously established [15] with modifica-
tions. Apoptosis was induced through multiple approaches in this study.
To induce both caspase-dependent and caspase-independent apoptosis,
cells were treated with 1 pM STS (ALX-380-014, Enzo Life Sciences,
USA) in serum-free medium for 16-24 h. To induce apoptosis via the
extrinsic pathway, cells were treated with anti-mouse CD95/Fas anti-
body (152803, BioLegend, USA) at 5 pg/mL for 48 h to crosslink Fas
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during cell activation. Apoptotic cells were observed under light mi-
croscopy and verified by Annexin V/7AAD staining (559763, BD Phar-
mingen, USA). Apoptotic cells and the medium were collected and
centrifuged for 10 min twice separately at 300 g and 2,000 g at 4 °C to
remove cell debris pellets. The supernatant was filtered through 5-pm
filters and centrifuged for 30 min at 16,000 g at 4 °C to obtain apoV
pellets. ApoVs were resuspended in sterile PBS for subsequent charac-
terization and applications. EVs from non-apoptotic cells were isolated
using the same centrifugation protocol for comparison.

Circulating apoVs were isolated from blood using the above protocol
and identified as Annexin V' CD62P~, as previously reported [15].
Spleen-derived apoVs were isolated from the desired tissue using a
mechanical and chemical digestion protocol followed by serial centri-
fugation. Briefly, the spleen was weighed, cut into pieces and digested
with 40 pg/ml liberase TM (LIBTM-RO, Sigma-Aldrich, USA) on a shaker
for 30 min at 37 °C, and spleen EVs were collected using the above
protocol.

4.4. ApoV characterization

For quantification and size distribution measurement, apoVs were
analyzed using nanoparticle tracking analysis (NTA) and further vali-
dated with reference beads and surface Annexin V staining through flow
cytometry.

For NTA analysis, apoV pellets were diluted in PBS, measured using
NanoSight NS300 (Malvern Panalytical, UK) and analyzed with NTA
software (Malvern Panalytical, UK).

Images of apoVs were obtained by transmission electron microscopy
(TEM). Briefly, apoV pellets were diluted in PBS and fixed with 1%
glutaraldehyde (G5882, Sigma-Aldrich, USA) for 30 min at 4 °C,
absorbed onto glow-discharged 300-mesh heavy-duty carbon-coated
formvar copper grids (ProSciTech, Australia) for 5 min, and the excess
liquid was blotted on filter papers. Grids were washed twice with
distilled water and negatively stained with 2.5% uranyl acetate (22400,
Electron Microscopy Sciences, USA). Wide-field images encompassing
multiple vesicles were taken on a JEM-1200EX electron microscope
(JEOL, Japan).

4.5. ApoV application

For apoV labeling, the lipophilic membrane dye PKH26 (PKH26PCL,
Sigma-Aldrich, USA) was used according to the manufacturer’s in-
structions to label apoVs in culture or trace infused apoVs in vivo. In
order to detect the biodistribution of apoVs, we performed IVIS imaging
analysis (PerKin Elmer). Briefly, PKH26 labelled apoEVs were injected
intraperitoneally, then mice were sacrificed at 1 day, 3 days and 7 days,
respectively, after treatment. The distribution for each sample in
different organ was analyzed via IVIS scanning. For co-culture experi-
ments, quantitated apoVs were diluted in sterile PBS and cultured
together with immune cells. For Annexin V pre-treatment, 1 x 10 [7]
apoVs were centrifuged into pellets at 4 °C and then resuspended in 1x
Annexin V binding buffer (422201, BioLegend, USA) containing 10
pg/mL Annexin V (C916J65, Sigma-Aldrich, USA) at 37 °C for 30 min
before centrifuging again for downstream application. For apoV condi-
tioned medium containing soluble components, quantitated apoVs were
diluted in cell culture medium and kept at 37 °C for 3 days before
centrifuging again to remove apoVs, and the supernatant was used for
downstream application. For in vivo infusion, quantitated apoVs were
diluted in sterile PBS and injected intraperitoneally.

4.6. Exosome preparation

Exosomes were isolated from cultured non-apoptotic cells using
previously published protocols [45]. Briefly, cells were cultured in
exosome-depleted medium (complete medium depleted of FBS-derived
exosomes by overnight centrifugation at 100,000 g) for 48 h. EVs
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from culture supernatants of 1 x 10° MSCs were isolated by differential
centrifugation at 300g for 10 min, 3000 g for 10 min, 20,000 g for 30
min, and 120,000 g for 120 min.

4.7. Liposome preparation

Phosphatidylserine (PS, 840035P, Avanti Polar Lipids, USA) lipo-
somes were prepared as previously described [46]. Briefly, 200 nm
unilamellar vesicles of complete PS were made by extrusion. The lipid
was dried by evaporation, then hydrated with sterile PBS for >30 min
while kept at room temperature (above the phase transition temperature
of the lipid). The hydrated lipid suspension was alternately placed in
liquid nitrogen and a 37 °C water bath for 3 freeze/thaw cycles. The fully
hydrated lipid was loaded into a gas-tight syringe and placed into one
end of a Mini-Extruder (610000, Avanti Polar Lipids, USA). Another
empty gas-tight syringe was placed into the other end of the
Mini-Extruder. The extruder apparatus was then assembled with a
pre-wetted 200 nm membrane (610006, Avanti Polar Lipids, USA) in the
middle. The plungers of syringes were gently pushed 10 times for the
entire volume of lipid to pass through the membrane completely each
time. When the final extrusion filled the alternate syringe, the filled
syringe was removed from the extruder and the lipid solution was
injected into a clean sample vial. Liposomes were subjected to subse-
quent flow cytometry characterization and applications similar to
apoVs.

4.8. Spontaneous lymphoproliferation and lupus in mice

MRL/Ipr mice were monitored from 6 weeks of age for signs of
lymphoproliferation, such as enlarged lymph nodes, and signs of auto-
immunity, such as skin rash and proteinuria. Urine protein was
measured twice a week using Fisherbrand urine reagent strips (23-111-
262, Fisher Scientific, USA). Systemic administration of STS was given
intraperitoneally, 3 ng twice a week for 4 weeks. Systemic administra-
tions of apoVs derived from 1 x 10 [6] BMMSCs with or without annexin
V pretreatment or PBS were given intraperitoneally once a week for 4
weeks or life-long based on the study design. At the time of harvest, mice
were sacrificed rapidly and humanely, followed by rapid isolation of the
blood, spleen, lymph nodes and kidney for downstream analysis.

4.9. Induced CD11b depletion in CD11b-DTR mice

100 ng of diphtheria toxin (322326, Sigma-Aldrich, USA) in PBS was
injected intraperitoneally on day 0 to deplete CD11b™ cells. To assess the
role of CD11b" macrophages, apoVs were administered on day 2 after
verifying the depletion efficiency and mice were harvested on day 3.

4.10. Collagen-induced arthritis

Inflammatory arthritis was induced in male DBA/1 mice with type II
collagen, as previously described [47]. In brief, a primary immunization
was performed on day O with a subcutaneous injection (at the base of the
tail) of 100 pL (per mouse) emulsion containing 100 pg type II collagen
(20012, Chondrex.Inc, USA) and complete Freud adjuvant (7009,
Chondrex.Inc, USA), followed by a booster immunization with 100 pL
(per mouse) emulsion containing 100 pg type II collagen and incomplete
Freud adjuvant on day 7 or day 21. Systemic administration of EVs
derived from 1 x 10 [6] BMMSCs with or without annexin V pretreat-
ment, an equivalent number of PS liposomes, 1 x 10 [6] BMMSCs, 50
1g/20 g body weight TNF neutralizing antibody (506332, BioLegend,
USA) or PBS was performed at indicated time points based on the study
design. Arthritic symptoms and the general condition of mice were
assessed daily. For assessing the severity of arthritis, clinical symptoms
were evaluated on a five-point scale: 0 = no damage; 1 = detectable
swelling in a single digit; 2 = swelling of more than one digit; 3 =
swelling of multiple digits and the paw; and 4 = severe swelling of the
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paw and the ankle or apparent deformity. At the endpoint of the ex-
periments, mice were sacrificed rapidly and humanely, followed by
rapid isolation of the blood, limbs and joints, spleen and draining lymph
nodes for downstream analysis.

4.11. Culture of mouse splenocytes and T lymphocytes

Splenocytes were isolated from mouse spleen by grinding up the
desired spleen tissue with a sterile plunger and passing through a 70 nm
strainer. ACK lysis buffer (10-548E, Lonza Bioscience, Switzerland) was
used to lyse red blood cells. Total CD4 " T cells and naive CD25 CD4" T
cells were isolated from mouse spleen using magnetic beads (130-091-
041, Miltenyi Biotec, Germany). Splenocytes and T cells were cultured in
RPMI 1640 medium (12-702Q, Lonza Bioscience, Switzerland) supple-
mented with 10% FBS (17L624, Sigma-Aldrich, USA), 55 pM 2-mercap-
toethanol, 10 mM HEPES (BE17-737E, Lonza Bioscience, Switzerland),
Non-Essential Amino Acids (11140050, Gibco, USA), 1 mM sodium
pyruvate (11360070, Gibco, USA) and 100 U/mL Penicillin-
Streptomycin (15140122, Gibco, USA). T cells were stimulated in cul-
ture with plate-bound anti-mouse CD3 antibody (100340, BioLegend,
USA) and soluble anti-mouse CD28 antibody (102116, BioLegend, USA)
both at 2 pg/ml if not otherwise specified.

4.12. Th17 differentiation

Naive CD25 CD4" T cells were stimulated with anti-CD3/CD28
antibody under Th17 polarization conditions for 3 days with IL-6 (50
ng/mL, R&D Systems, USA), human TGF-p1 (2 ng/mL, R&D Systems,
USA), anti-IFN-y neutralizing antibodies (10 pg/mL, Biolegend, USA)
and anti-IL-4 neutralizing antibodies (10 pg/mL, Biolegend, USA).

4.13. Human PBMC culture

Human PBMCs were obtained from healthy blood donors with
informed consent at Renji hospital approved by institutionally ethics
committee, and cultured with or without plate-bound anti-human CD3
antibody (300401, BioLegend, USA) and soluble anti-human CD28
antibody (302901, BioLegend, USA) each at 2 pg/ml.

4.14. Flow cytometry

The following antibodies and reagents were used for flow cytometric
phenotyping: anti-mouse CD3 (clone 17A2), CD4-PerCP/Cy5.5 (clone
GK1.5), CD25-APC (clone 3C7), CD44-PE (clone IM7), CD62L (clone
MEL-14), Sca-1 (clone E13-161.7), CD105 (clone MJ7/18), CD29 (clone
HMp1-1), CD34 (clone HM34), CD45 (clone 30-F11), IFN-y (clone
XMG1.2), IL-4 (clone 11B11), IL-17A (clone TC11-18H10.1), and Foxp3
(clone MF-14); anti-human CD3 (clone UCHT1), CD4 (clone OKT4),
CD25 (clone M-A251), and the intracellular staining permeabilization
wash buffer (421002) were purchased from BioLegend, USA. The
eBioscience Fixation/Permeabilization concentrate and diluent kit (00-
5521-00) was purchased from Thermo Fisher Scientific, USA. Samples
were acquired using a FACS Calibur Flow Cytometer (BD Biosciences,
USA). Data were analyzed using FlowJo v10 software (FlowJo LLC,
USA).

4.15. Enzyme-linked immunosorbent assay (ELISA)

The following reagents were used according to the manufacturer’s
instructions for detection in serum and culture supernatants: IL-2
(431001), IFN-y (430801), IL-10 (431411), and IL-17A (432501).
ELISA kits were obtained from BioLegend, USA. Autoantibody detection
kits for ANA (5210) and anti-dsDNA IgG (5120) were obtained from
Alpha Diagnostic International, USA.
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4.16. Western blotting

The following antibodies and reagents were used for western blot-
ting: RIPA Lysis Buffer System with protease and phosphatase inhibitors
(sc-24948, Santa Cruz Biotechnology, USA); UltraRIPA kit for lipid raft
(FO15, Diagnocine, Japan); Pierce™ BCA Protein Assay Kit (23225,
Thermo Scientific, USA). Anti-mouse antibodies included p-CD3
(67748S), p-ZAP70 (2717T), p-LCK (2751T), p-PLCy (14008S), NFAT1
(5861), and Tim-3 (83882), Caveolin-1 (3267) from Cell Signaling
Technology, USA. Anti-mouse f-Actin antibody (A5441) was from
Sigma-Aldrich, USA. Protein was extracted from cultured cells and
quantified to obtain comparable loading amounts. A total of 20 pg
protein per sample was loaded onto 4%-12% NuPAGE gel
(NP0321BOX/NP0322BOX, Invitrogen, USA) for electrophoresis and
was transferred to 0.2 pm methanol-activated nitrocellulose membranes
(Millipore, USA). Membranes with protein were then blocked with 5%
bovine serum albumin (BSA) (700-100P, Gemini Bio, USA) at room
temperature for 1 h, followed by primary antibody incubation overnight
at 4 °C and 1 h room temperature incubation with horseradish peroxi-
dase (HRP)-conjugated secondary antibodies (sc-516102/sc-2357, Santa
Cruz Biotechnology, USA; or 7077, Cell Signaling Technology, USA)
with sufficient washing between incubations. Signal was detected using
SuperSignal™ West Pico PLUS Chemiluminescent Substrate (34580,
Thermo Scientific, USA), SuperSignal™ West Femto Maximum Sensi-
tivity Substrate (34095, Thermo Scientific, USA), and ChemiDoc MP
Imaging System (Bio-Rad, USA).

4.17. Tissue histology

At the time of harvest, tissues were rapidly isolated and fixed over-
night with 4% paraformaldehyde (PFA) (150146, MP Biomedicals,
USA). Hard tissues such as joint and bone were decalcified with 10%
EDTA. For histological analyses, samples were either dehydrated and
embedded in paraffin or cryopreserved with optimal cutting tempera-
ture (OCT) compound (4583, Sakura Finetek, USA). 5-10 pm serial
sections were prepared (RM2125, Leica, Germany). Sections then un-
derwent either hematoxylin and eosin (H&E) staining, Masson’s tri-
chrome staining (HT15-1 KT, Sigma-Aldrich, USA) staining or Sirius
red/fast green staining (9046, Chondrex.Inc, USA) following the man-
ufacturer’s instructions; or underwent immunofluorescence staining, as
detailed below.

4.18. Immunofluorescence

The following antibodies and reagents were used for immunofluo-
rescence (IF) detection of T cells and live cell imaging: Cholera Toxin B
subunit for GM-1/lipid raft staining (C1655, Sigma-Aldrich, USA), anti-
mouse CD3 (APA1/1, 362701, BioLegend, USA) and Tim-3 (83882, Cell
Signaling Technology, USA), Triton X-100 (X100-100 ML, Sigma-
Aldrich, USA), mounting medium with DAPI (ab104139, Abcam, UK),
and Nunc coverslip (174977, Thermo Fisher Scientific, USA). For IF
staining of infiltrating T cells in tissues, cryopreserved tissues were used.
For IF staining of cultured cells and live cell imaging, cells with or
without co-cultured PKH26-labelled EVs were seeded on coverslips then
fixed with 4% PFA at the time of collection. Tissue sections or coverslips
were blocked with 5% BSA for 1 h at room temperature, then stained
with primary antibodies overnight at 4 °C, then washed and stained with
appropriate secondary antibodies (Alexa Fluor 488-conjugated goat
anti-mouse secondary antibody, A-11001; Alexa Fluor 647-conjugated
goat anti-rat secondary antibody, A-21247; or Alexa Fluor 647-conju-
gated goat anti-rabbit secondary antibody A-21245, Invitrogen, USA)
for 1 h at room temperature, then washed and counterstained by DAPI.

4.19. Image acquisition and analyses

Bright-field images were obtained using an inverted microscope
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(Axio Observer 5, Zeiss, Germany). Fluorescent images were obtained
using confocal microscopes (SP5-II, Leica, Germany; or LSM 900, Zeiss,
Germany). Imaging analysis was performed with ImageJ 1.47 software
(National Institutes of Health, USA).

4.20. Arthritis histological score

Based on H&E staining and Sirius/fast green staining of joints, an
arthritis histological score with a maximum of 15 points was calculated
by grading three separate aspects: (a) inflammation of the affected joint,
the synovium and the surrounding tissue: 0-normal, 1-a few infiltrating
immune cells, 2-mild infiltration, 3-moderate infiltration and edema, 4-
apparent infiltration and edema at multiple loci, 5-diffused and severe
infiltration and edema; (b) pannus formation: 0-normal tissue without
pannus, 1-mild pannus formation and damage to the superficial layer of
cartilage, 2-mild pannus extending into the subchondral bone with mild
erosion of the bone cortex, 3-moderate pannus extension with moderate
damages to the joint hard tissue, 4-severe pannus extension with obvious
damages to the joint structure involving multiple joints, 5- severe pan-
nus extension with complete joint destruction; (c) erosion of bone and
cartilage: 0-normal tissue without erosion, 1-mild erosion involving
small area of cartilage or bone cortex without obvious damage to
cartilage or bone collagen with low magnification (10x), 2-mild erosion
of bone cortex and medulla and increased erosion area with visible
damage to cartilage or bone, 3-moderate erosion of bone cortex and
medulla without complete disruption at multiple loci, 4-severe erosion
and distortion of bone cortex and medulla involving multiple joints, 5-
severe erosion and complete disruption of bone cortex and joint
destruction [48,49].

4.21. Micro CT

4% PFA-fixed joints were imaged and analyzed using a high-
resolution Scanco pCT35 scanner (Scanco Medical AG, Bruttisellen,
Switzerland). The specimens were scanned using an isotropic voxel size
of 10 pm at 160 pA, with 250 projections, a photon energy of 50 keV, and
integration time of 300 msec. Scanned data were reconstructed using
Scanco software. Datasets were loaded into Amira 5.3.1 software
(Visage Imaging, Berlin, Germany) for visualization and analysis. Bone
mineral density (BMD) and bone volume/total volume (BV/TV) for each
specimen were also calculated using the Amira software. A radiographic
visual scoring system previously described was used to evaluate the
severity of arthritis [50]. Briefly, individual joins including the meta-
tarsophalangeal joints (MTP), metacarpophalangeal joints (MCP), distal
and proximal interphalangeal joints (DIP and PIP), except the first DIP
joints, were evaluated for the degree of erosions and periarticular
osteoporosis with a 6-point score, ranging from 0 (normal) to 5 (severe).

4.22. Statistical analyses

Data were represented as the mean + standard deviation (SD) unless
otherwise indicated. Statistical significance was evaluated using Prism 8
software (GraphPad, USA). We performed Shapiro-Wilk normality test
(alpha 0.05) to determine the distribution of data. Mann-Whitney test
for two-group comparisons and Kruskal-Wallis test for multiple com-
parisons were used for non-normally distributed data. Two-tailed Stu-
dent’s t-test for two-group comparisons, by one-way analysis of
variation (ANOVA) followed by the Holm-Sidak test for multiple com-
parisons for normally distributed data. Logrank Mantel-Cox test with
area under curve was calculated for curve comparisons. A p value < 0.05
was considered as statistically significant.

Ethics approval and consent to participate

All animal experiments were performed under animal research
guidelines and an institutionally approved protocol at the University of
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Pennsylvania (IACUC #805478).

Human PBMCs were obtained from healthy blood donors with
informed consent at Renji hospital approved by institutionally ethics
committee.

Data availability

All data generated during and analyzed during the current study are
included in this published article (and its supplementary information
files), and available from the corresponding author on reasonable
request.
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