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Abstract

The utilization of extracellular vesicles (EV) in immunotherapy, aiming at suppressing peripheral immune cells
responsible for inflammation, has demonstrated significant efficacy in treating various inflammatory diseases.
However, the clinical application of EV has faced challenges due to their inadequate targeting ability. In addition,
most of the circulating EV would be cleared by the liver, resulting in a short biological half-life after systemic
administration. Inspired by the natural microvesicles (MV, as a subset of large size EV) are originated and shed
from the plasma membrane, we developed the immunosuppressive MV-mimetic (MVM) from endotoxin tolerant
dendritic cells (DC) by a straightforward and effective extrusion approach, in which DC surface proteins were
inherited for providing the homing ability to the spleen, while aCD3 antibodies were conjugated to the MVM
membranes for specific targeting of T cells. The engineered MVM carried a large number of bioactive cargos from
the parental cells, which exhibited a remarkable ability to promote the induction of regulatory T cells (Treg) and
polarization of anti-inflammatory M2 macrophages. Mechanistically, the elevated Treg level by MVM was mediated
due to the upregulation of miR-155-3p. Furthermore, it was observed that systemic and local immunosuppression
was induced by MVM in models of sepsis and rheumatoid arthritis through the improvement of Treg and M2
macrophages. These findings reveal a promising cell-free strategy for managing inflammatory responses to
infections or tissue injury, thereby maintaining immune homeostasis.
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Background

Acute or chronic inflammation diseases, such as sep-
sis and rheumatic arthritis, have become increasingly
prevalent in clinical practices. The conditions are char-
acterized by systemic dysregulation of inflammatory
and excessive immune responses [1, 2]. Immunotherapy
based on suppression of pro-inflammatory peripheral
immune cells (neutrophils, macrophages and T lympho-
cytes) has been proven effective in various treatments
of inflammatory diseases [3, 4]. Tolerant dendritic cells
(DC) play a critical role in immune suppression therapy
[5] through various mechanisms, including depletion of
auto-reactive T cells [6], promotion of regulatory T cells
(Treg) [7, 8] and expression of inhibitory molecules [9,
10]. For instance, endotoxin tolerant DC expressed low
levels of costimulatory molecules and secrete immuno-
suppressive cytokines, thereby alleviating the peripheric
immune response of asthmatic mice and sepsis-related
liver injury model mice by increasing Treg and inhibiting
pro-inflammatory macrophages [11, 12]. Although the ex
vivo-generated tolerant DC have demonstrated feasibility
and safety in the treatment of inflammatory diseases [13—
16], but the immunomodulatory effect reported in clini-
cal studies was not ideal due to poor engraftment and cell
survival of the infused cells [17].

Compared to direct infusion of DC, DC-derived
extracellular vesicles (EV, particularly exosomes) have
emerged as a promising method for immunomodula-
tion. These EV carry a variety of bioactive molecules
transferred from the parental DC, including nucleic acid,
proteins, RNAs and lipids [18, 19], which also have the
notable ability to be stored at -80 °C for a long period and
high biostability in circulation [20]. However, the applica-
tion of DC-derived EV as a cell-free therapy encountered
several limitations, such as low yield, lack of targeting,

short blood circulation time and rapid clearance by the
liver [21-23], resulting in frequent dosing of EV and poor
immunosuppressive efficiency. Therefore, it is of sig-
nificance to develop a scalable approach to prepare DC-
derived EV with the ability to target T cells and improve
immunosuppression. In contrast to small EV (mainly
referred to as exosomes, typically<150 nm in diame-
ter) formed within cells, large EV (mainly referred to as
microvesicles, MV, 200 nm to 2 pm in diameter) are more
likely to play a crucial role in biology and disease [24],
due to the fact that MV are formed and released from the
plasma membrane and their larger size are capable of car-
rying more bioactive cargos, including signalling proteins
directly from the plasma membrane and nucleic acids
from the parental cells [25, 26]. As a result, DC-derived
MYV which inherited surface proteins from DC plasma
membrane had a significant homing ability to immune
organs (spleen and lymph node). Meanwhile, the genetic
manipulation or chemical modification can also facili-
tate the engineering of MV surfaces to improve their cell
targeting. Overall, the engineering tolerant DC-derived
MYV with T cell targeting may enhance the immunosup-
pressive regulation of T cells in immune organs, while
also improving anti-inflammatory activity in peripheral
blood, providing a novel approach for the treatment of
acute and chronic inflammatory diseases.

To overcome the limitation of low productivity of natu-
ral EV secretion in clinical application [21], a prevailing
approach is the serial extrusion of cells through micro-
porous filters to generate exosome-mimetic (EM) with
similar size and composition to those of natural exo-
somes [27]. However, the studies of immunosuppressive
extracellular vesicles are mainly focused on engineering
exosomes [28-30]. The utilization of micovesicle mimetic
to induce immunosuppression for treating inflammatory
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disease has not been reported to date, and their potential
in this context remains poorly understood. Herein, with
this in mind, we developed immunosuppressive MV-
mimetic (MVM) from endotoxin tolerant DC by a sim-
ple and efficient extrusion approach with high yield, in
which DC surface proteins were retained and a«CD3 anti-
body was conjugated on the MVM membranes (Scheme
1). Engineered MVM displayed a significant homing
ability to spleen and improved T cells targeting ability
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compared with EM. Notably, MVM possessed more bio-
active cargos derived from parental cells and exhibited a
remarkable ability to induce Treg and anti-inflammatory
macrophage. Mechanistically, the upregulation of Treg in
both MVM and their parental DC was found to be asso-
ciated with a significant increase in microRNA-155 lev-
els. Meanwhile, MVM had the ability to induce rapid and
effective immunosuppression in both the sepsis model
and the rheumatoid arthritis (RA) model. To the best
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Scheme 1 Schematic illustration of MVM33,, - preparation and the therapeutic mechanism. A Schematic of anti-CD3 antibodies-engineered chDC-
derived microvesicle mimetic (MVMP3, ) preparation. B MVMP3, |- were highly efficiently distributed in spleen and LNs after intravenously injec-
tion through the homing ability of MV and the active targeting function of anti-CD3 antibodies on surface. MVM®P3, - upregulated the proportion of
Treg by delivering microRNA-155-3p and other cargos and promoted immune tolerance in acute inflammatory model and autoimmune disease, which
also inhibited the pro-inflammatory M1 macrophages and improved anti-inflammatory M2 macrophages
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of our knowledge, this work provides a novel cell-free
immunosuppression strategy for the treatment of acute
and chronic inflammation diseases.

Results

Preparation and characterization of MVM®®3 -

Bone marrow monocytes were isolated from the
C57BL/6 mice and were then stimulated to obtain bone
marrow-derived dendritic cells (BMDC) according to
a reported method [31]. Flow cytometric analysis con-
firmed that more than 80% of cells expressed DC marker
CD11c (Fig. S1A). BMDC as immature DC (imDC) were
stimulated twice using lipopolysaccharide (LPS) with dif-
ferent concentrations to obtain challenge DC (chDC),
which was reported as endotoxin tolerant DC [12, 32].
Compared to pro-inflammatory mature DC (mDC),
chDC had an obviously decrease of TNF-a and IL-12
expression, and a significantly increase of IL-10 and
TGEF-P expression (Fig. S1B), suggesting that the endo-
toxin tolerant DC were successfully obtained. Addition-
ally, chDC displayed imDC-like morphology, with less
protrusions on their surface (Fig. S1C). To investigate the
the expression of surface markers on DCs, the levels of
CD80, CD86, MHC II and PD-L1 were detected using
flow cytometry. As shown in Fig. S1D, chDC had lower
expressions of CD80, CD86 and MHC II compared with
mDC. Meanwhile chDC had the highest expression of
PD-L1 than other groups. ImDC and chDC were chosen
to prepare imDC-derived MVM (MVM,;pc) and chDC-
derived MVM (MVM,pc) using the extrusion method,
respectively (Scheme 1), which had a similar size distri-
bution with peak diameter of around 400 nm [MVM,pc:
about 360 nm, the polydispersity index (PDI) of 0.21;
MVM,pc: about 418 nm, PDI of 0.22 in Fig. 1K] and
similar zeta potentials of around —12 mV (MVM,p¢:
-12.141.2 mV, MVM_pc : -12.940.4 mV, Fig. 1L). The
chDC-derived EM (EMpc) was also prepared using
extrusion with progressively reduced pore size mem-
brane (Fig. S2A), and EMp had the dynamic size of
175.5 nm (PDI: 0.28) and zeta potentials of -13.7+1.1
mV (Fig. S2B). Comparing with EM pc, MVMpe dis-
played ~ 4.6-fold increase of protein amount in terms of a
constant number of chDC (Fig. 1A), indicating that MVs
were capable of carrying more bioactive cargos than that
of exosome with smaller size. Furthermore, PD-L1 was
chosen as a specific surface protein to detect the differ-
ence of surfaces between EM - and MVM_ . The
PD-L1 mean fluorescence intensity (MFI) of MVM,pc
was significantly higher than that of EM ¢ (Fig. 1B and
S3), revealing that MVM, ppc could reserve more signal-
ling proteins from chDC on the surface. We detected
ex vivo tissue distribution of EMypc and MVMypc
in C57BL/6 mice via tail vein injection. As shown in
Fig. 1C-E, MVM_;pc was much higher accumulating in

Page 4 of 19

spleen than EM ;. This may be due to the homing abil-
ity of MVM_;pc resulting from inheriting surface pro-
teins from chDC, as well as the size effect related to the
clearance of nanoparticles in the spleen [33]. Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) was performed to compare the protein composi-
tions of DC and DC-derived MVM. The highly similar
stripes between cells and MVM further manifested that
the majority of cellular proteins were reserved in MVM
using our extrusion method (Fig. 1F).

To prepare azido groups modified MVMpe, azido
groups modified chDC were firstly prepared through
chDC co-culture with Ac,ManNAz that had been com-
monly used as an unnatural azido-sugar to label azido
groups on cell surface glycoproteins via metabolic path-
way [34]. To confirm whether azido groups labeled
chDC, the cells were incubated with DBCO-Cy5 probe at
37 °C and then washed by PBS. As shown in Fig. 1G and
S4, the percentage of Cy5-positive chDC increased with
the concentration of Ac,ManNAz, and ~95% of chDC
were Cy5-positive through the incubation of 100 pM
Ac,ManNAz for 3 days, indicating a high labelling effi-
ciency of azido groups on the surface of chDC. Then, we
prepared azido groups labeled MVM_;,pc (MVMAZ - )
through the extrusion method and the percentage of
modified azido groups on MVM*4%® . was evaluated
using DBCO-Cy5 probe. Similarly, the percentage of
Cy5-positive MVM ¢ increased with the concentration
of Ac;ManNAz (Fig. 1H and S5). These data indicated
that our extrusion approach could effectively reserve the
azido groups from cells plasma membrane to MVM sur-
face, further mimicking natural MV that were released
directly from the plasma membrane and could intactly
remain cell surface receptors and signalling proteins.

To prepare aCD3 modified MVM, DBCO-aCD3 anti-
body was synthesized and then incubated with azido-
labeled chDC for 2 h. To confirm the conjugation of
aCD3 antibodies on MVM surface via click reaction,
MVMA4de | were incubated with DBCO-aCD3 and
then stained with secondary antibody for flow cytometry
analysis. Figure 1I revealed the generation of near 98%
of aCD3-positive MVM®“P3 , - . suggesting the success
in conjugating aCD3 antibodies. Transmission electron
microscopy (TEM) imaging displayed MVM®P3
with spherical and uniform morphology (Fig. 1J]).
Dynamic light scattering (DLS) measurement demon-
strated that MVM®P3 | . had a narrow size distribu-
tion with peak diameter of around 456 nm (PDI: 0.16),
which was consistent with the outcomes of TEM analy-
sis (Fig. 1K). And the zeta potentials of MVM®“P3 -
was —10.8+0.9 mV (Fig. 1L), which was similar to that
of natural MV (around —20 mV) [35]. To investigate the
stability of MVM®“P3 | . MVM*P3 | . was suspended
in PBS with 10% FBS and it had excellent stability both



Lin et al. Journal of Nanobiotechnology (2024) 22:201 Page 5 of 19

]
Az B
2 1.2 - chDC
S H ~*
ke g o
) R 2,
0.8 X
b . EMcppe| 2
3 — 22
g 0.4 g
] |%‘ VMcth 1
£ =
% 0.0 : o T 0
= Q OC) 00
58 e ———PDLU
kDa imDC  MVM;,,pc chDC  MVM,,nc
C Heart Liver Spleen Lung Kidney High D a . E 015 .
§ <S 1x10 [ EMcnpe o f 1
EM & = 8x107 O MMy R S —I-
chDC T2 g
~ 7. -
e = 6x10 2 co010 -L
2 G 55 T
D& 4%107 52 -
= £ © o el®
£ 8 x07 x 9
MVM_;.pc <« i _
= Heart Liver Spleen Lung Kidney
G R J
MVMGCDschDC
_ 1o g 100 97.970.32%
o N
e 75 o 75
o [=]
2 5
I 50 g 50
[3) ®
0o <
= 25 = 25
g :
0L . ; . ol ; . .
10 25 50 100 10 25 50 100
AcsManNAz (uM) AcsManNAz (uM) —> qCD3
K 40 LA 0 M N
— MVMimpe z 105 1000
= 30- — MVMcnpe = = 800
- — MVMeCD3 © =51 s =
z bt I~ g 100 E w00
@ 207 2 s —, " =
[ o + N 400
=10 © N
£ 10 > - + o % [z
£ ‘ o 200
/ N v T
0+———\ -15 . 9l
100 1000 10000 \s\@o" oF &690 0 1 2 3 4 5 0 1 2 3 4 5
Size (nm) & & $° Time (d) Time (d)
)
@

Fig. 1 Characterization of MVM?P3, - A The protein amount fold change of My nc and MVM,nc from a constant number of chDC. B The PD-L1 mean
fluorescence intensity of chDC, EM,pc and MVM,  were determined by flow cytometry analysis. CEx vivo tissue distribution of EM ,pc and MVM o
at 24 h after tail vein injection. EM,pc and MVM, pc were labeled using DiD fluorescence. D Quantitative analysis of EM,pc and MVM ¢ in heart, liver,
spleen, lung, and kidney. E The radiance ratio of spleen to liver for EM e and MVM o in mice. F Image of sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) protein analysis. G-H Percentage of azido-labeled chDC and MVM ¢ after different concentration of Ac,ManNAz treatments.
chDC were treated with different concentrations of Ac,ManNAz for 3 days. I Percentage of aCD3-positive MVM*2%°_, - after 2 h co-culture with DBCO-
aCD3. Grey indicated control fluorescence in MVMA?%°, - that were not incubated with DBCO-aCD3. J TEM image of MVM®P3, - Scale bar =200 nm.
K-L Hydrodynamic diameter and {-potential of MVM, e, MVMnc and MYMEP3 , o M-N aCD3 antibodies stability and size stability of MVM®P3, - in
PBS with serum for 5 days. Data were presented as mean + SD. Statistical analyses were performed by Student’s t-test. N=3 per group. ns P> 0.05, *P < 0.05,
and **P<0.01

in aCD3 antibodies conjugation and vesicle size (Fig. 1M,  comparable protein composition from chDC could be
N and S6). The in vitro cytotoxicity of DC-derived MVM  produced by a facile extrusion method. Furthermore, we
in murine primary splenic lymphocytes were evalu- could modify aCD3 antibodies on the surface of MVM
ated using CCK-8 assays. All of MVM;, nc, MVMype efficiently via click reaction.

and MVM®P3 . represented reliable biocompat-

ibility (Fig. S7). Collectively, these results indicated that

MVM®P3 | - with semblable membrane surface and
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T cell-targeting ability of MVM®®3 ,  _in vitroand in vivo T cell-targeting ability of MVM®“P3, - can be further

aCD3 antibody was selected as a surface engineering tar-  strengthened, splenic lymphocytes were treated by DiD-
geting moiety in this work because of its specific binding  labeled MVM_,pc and MVM®“P3 , - for 8 h. Confocal
affinity for the CD3 receptor, which is highly expressed  microscope imaging demonstrated that «CD3 antibodies
on T cell populations [34]. To investigate whether the = modification enhanced MVM®“P3 , - internalization by
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Fig. 2 T cell-targeting capability and biodistribution of MVM®®3, . A Intracellular uptake of MVMpc and MVM D3, o in T cells after 8 h incubation.
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T lymphocytes (Fig. 2A and S8). Flow cytometry analy-
sis showed that the internalization of MVM®“P3, - - by
T lymphocytes was nearly 2 times higher than that of
MVMpc (Fig. 2B and S9).

To study the targeting efficiency of MVM*“P3 in
vivo, mice were intravenously injected with DiD-labeled
MVM,;pc and MVM*P3 | - and the major organs were
then harvested and examined at different time points
(Fig. 2C). Both MVM_pc and MVM®P3 - demon-
strated the highest accumulation in liver, consistent
with a previous study that natural EV and EV mimetics
were mainly cleared away from liver [23]. In addition,
MVM,pc without aCD3 antibodies modification also
accumulated in spleen within the initial 8 h. This obser-
vation could be attributed to MVM_p inheriting the
surface bioactive molecules from chDC plasma mem-
brane, resulting in limited homing ability. Moreover,
MVM®P3 |, - exhibited a higher accumulation in the
spleen compared to MVM pc with the peak reached
at 4 h after injection (Fig. 2C, D). Accordingly, Fig. 2E
showed that the average radiance ratio of spleen to liver
was significantly elevated for MVM*“P3 .. indicating
that aCD3 antibodies conjugation obviously enhanced
the splenic accumulation of MVM*“P3, . Further-
more, we detected the cell distributions of MVM®“3 -
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in spleen and found more MVM*P3 . were accu-
mulated in T lymphocytes compared with MVMpc
(Fig. 2F), which was consistent with the in vitro results.
Meanwhile, we observed lymph nodes at different time
points. As shown in Fig. $10, MVM*“P3 - exhibited
a higher accumulation in the lymph nodes compared to
MVMpc- Taken together, these results demonstrated
that the direct formations from the chDC plasma mem-
brane provided MVM®“P3 , - - with significant homing
ability in spleen, and the modification strategy of con-
jugating a«CD3 antibodies enhanced the T cell-targeting
capability of MVM*P3 | .

Regulation of immune cells by MVM®3, - in vitro
To investigate whether MVM*“P3_, . had similar
effects on Treg as chDC, splenic lymphocytes were co-
cultured with different MVMs for 72 h and were then
examined using flow cytometry analysis. Compared
to MVM;.pc. MVM;pc increased the average level of
CD3*CD4*FoxP3" Treg in splenic lymphocytes from
1.9£0.3% to 4.7+0.5%, Moreover, MVM*“P3 | ' - exhib-
ited a further increase in the proportion to 7.9+1.8%
(Fig. 3A and S11). It may be contributed to MVM*3 , -
had improved T lymphocytes internalization. Meanwhile,
there was no significant difference in Treg induction
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Fig. 3 MVM3, .- promoted Treg polarization of T cells and M2 polarization of macrophages in vitro. A Percentage of the CD3*CD4 FoxP3* Treg in
CD3*CD4™ T cells using flow cytometry analysis. B Relative mRNA expression of FoxP3 and IL-10 of splenic lymphocytes after different treatments. C The
concentration of IL-10 in supernatant of splenic lymphocytes after different treatments. D Percentage of F4/80"CD86" M1 and F4/80"CD206" M2 in
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phage after different treatments. F The concentration of TNF-a in supernatant of M1 macrophages after different treatments. G Relative mRNA expres-
sion of ARG-1 and TGF-3 of M2 macrophages after different treatments. H The concentration of TGF-{3 in supernatant of M2 macrophages after different
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between MVM;, pc and MVM®“P3, = further confirm-
ing that the important role of MVM ¢ in Treg induc-
tion (Fig. S12). The representative transcription factor
(Foxp3) and cytokine (IL-10) of Treg were also confirmed
by qPCR measurement (Fig. 3B). MVM*“P3 . treat-
ment showed the highest expression of Foxp3 and IL-10
than other treatments. As expected, the secretion of
IL-10 in cell supernatant was measured using ELISA. As
shown in Fig. 3C, MVM*“P3 | treatment had the high-
est release of IL-10, indicating an effectively enhance-
ment of Treg induction.

Furthermore, to investigate whether MVM affected
the polarization of macrophage phenotype, we co-cul-
tured different MVMs with MO macrophages [bone mar-
row derived macrophages (BMDM)] for 48 h. Confocal
microscope imaging and flow cytometry analysis showed
that macrophages as professional phagocytes had a strong
phagocytosis of MVM*“P3 , - (Fig. S13). As shown in
Fig. 3D, compared to MVM,pc» both MVMp and
MVM®P3 | - exhibited stronger abilities to promote
the polarization of anti-inflammatory F4/80*CD206"
M2 macrophage, while they did not induce pro-inflam-
matory F4/80"CD86" M1 macrophage polarization. Fur-
ther investigation was conducted on the impact of MVM
on M1 and M2 macrophages. The inflammation related
mRNA expressions (iNOS, TNF-«, and IL-6) and the
anti-inflammation related mRNA expressions (ARG-1
and TGEF-P) were determined using qPCR measure-
ment. Compared with MVM; pc, both MVM pc and
MVM*P3 | . significantly reduced iNOS, TNE-a, and
IL-6 expressions in M1 macrophages (Fig. 3E and S14A),
and obviously increased ARG-1 and TGEF-f expressions
in M2 macrophages (Fig. 3G). ELISA analysis further
confirmed the effective downregulation of TNF-a and
IL-6 production in M1 macrophages by MVM p and
MVM*P3 | . (Fig. 3F and S14B), while upregulating the
secretion of TGF-P in M2 macrophages (Fig. 3H). More-
over, no difference was found between the MVM - and
MVM*P3 | . for macrophage regulation, indicating
that the modification with «CD3 antibodies did not have
additional effects on macrophages. We also prepared
purified chDC membranes (membrane ) to identify
the major anti-inflammatory constituents in MVM 4 pc.
As shown in Fig. S15, there was no significant differ-
ence between PBS and membrane - treatment groups
in Treg induction and macrophage polarization, indi-
cating that the immunosuppressive effects of MVM,pc
were primarily contributed to its internal components,
rather than surface molecules on MVMpc. Overall,
these results suggested that MVM®P3 , - - could exert
enhanced immunosuppressive regulatory effects through
innate or adaptive immune cells responses, including
improved Treg induction, M2 macrophage polarization
and anti-inflammatory cytokines secretion.
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The molecular mechanism of the induction of Treg by

MVM hpc

To investigate the potential molecular mechanism
underlying the immunosuppressive effects induced by
MVM_pcs the next-generation sequencing (NGS) tech-
nology was used to evaluate the transcriptomic profiles of
MVM,pc and MVM, . Differential data analysis was
conducted on the obtained sequencing data, revealing 52
mature miRNAs (prefix of mmu-miR-) and 36 miRNA
hairpins (suffix of -5p or -3p) that exhibited either
down- or up-regulated in MVM pcversus MVM; pc
(FDR<0.1). Next, we performed Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
term enrichment analyses to get insights into the func-
tions of the upregulated genes in MVM,p- compared
to MVM,,,p» which may imply a potential mechanism
that conferred MVM_p upon the upregulation of the
proportion of Treg (Fig. 4B, C, and S16). Biological pro-
cess (BP) results indicated that these related genes were
mainly involved in cytokine-mediated signaling pathway,
inflammatory response, response to molecule of bacte-
rial origin, response to lipopolysaccharide, response to
interleukin-1, cellular response to lipopolysaccharide,
regulation of protein secretion and positive regula-
tion of vascular endothelial growth factor production,
among others. Among the top 8 pathways of the KEGG
enrichment data, cytokine-cytokine receptor interaction,
C-type lectin receptor signaling pathway, NF-kappa B
signaling pathway and Toll-like receptor signaling path-
way may play a crucial part in upregulating the propor-
tion of Treg. Among a total of 653 miRNAs, only 13
had significantly higher expression levels (FDR adjusted
P-value<0.2, fold-change>1) in MVM_pc compared
to MVM,.pc (Fig. 4A, D), of which miR-155-3p, miR-
125a-3p and miR-125a-5p were reported to be associ-
ated with Treg upregulation [36—39]. Among a total of
916 miRNA hairpins, only 16 had significantly higher
expression levels in MVM - compared with MVM;, e
(Fig. 4A, E). Intriguingly, we discovered that the expres-
sion of miR-155-3p and its hairpin (mir-155) were both
significantly increased in MVMpc. Then, we verified
the enrichment of miR-155-3p in chDC using qPCR mea-
surement and showed that miR-155-3p in chDC was sig-
nificantly higher than that in imDC (Fig. 4F), which was
consistent with sequencing data described above. Addi-
tionally, MVM,, ¢ also displayed a significant increase of
miR-155-3p compared to EMpc with a constant num-
ber of chDC (Fig. S17), suggesting that MVM could carry
more endogenous miRNAs inherited from cells. MiR-
155 has been reported to enhance FoxP3 expression by
inhibiting suppressor of cytokine signaling 1 (SOCSI)
that is an important negative regulator of IL-2R/STAT5
signaling [40, 41]. To further confirm the role of miR-
155-3p in Treg induction, miR-155-3p mimic and
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Fig. 4 MVM, 5 promoted the proportion of Treg through upregulated miR-155-3p. A Differentially expressed microRNA haipin (mir) and mature mi-
croRNA (miR) between MVM; pc and MVM 4, were exhibited via a heat map. B Enriched terms of biological process of the upregulated genes by GO
analysis. C Enriched terms of KEGG pathway analysis of the up-regulated genes. D-E Pie chart and volcano plot displaying the distribution of the down-
regulated, up-regulated, and common miR or mir between MVM; - and MVM, o The red and green dots indicated the differentially expressed miRNAs.
F Relative expression of miR-155-3p in imDC and chDC. G Expression levels of B-actin and SOCS1 protein in splenic lymphocytes after different treat-
ments. H Percentage of the CD3*CD4 FoxP3* Treg in CD3*CD4* T cells after different treatments using flow cytometry analysis. Data were presented as
mean + SD. Statistical analyses were performed by Student’s t-test or One-way ANOVA with Tukey method. N=3 per group. ns P> 0.05, *P < 0.05, **P<0.01,
***P<0.001, and ****P<0.0001

inhibitor were utilized to treat the splenic lymphocytes.
To demonstrate the effect of miR-155-3p on SOCSI, the
protein expressions of splenic lymphocytes with differ-
ent treatments were analyzed. MiR-155-3p mimic and
MVM,pc reduced the expression of SOCS1, while miR-
155-3p inhibitor could mitigate the effect of MVM p¢
(Fig. 4G). In addition, flow cytometry analysis indicated

an increasing level of FoxP3 in miR-155-3p mimic and
MVM_pc treated cells compared with those in the con-
trol. Moreover, when MVM; p and miR-155-3p inhibi-
tor were co-incubated with splenic lymphocytes, the
proportion of Treg showed no significant difference
compared to MVM; pc treatment (Fig. 4H). Alterna-
tively, it has been reported that EV could promoted the
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polarization of macrophages to M2 phenotype via trig-
gering ETS homologous factor (EHF)-dependent acti-
vation of Akt/NF-kB signaling pathway by transferring
miR-155 to macrophages [42]. Although miR-155 has
been reported to be associated with Th17 differentiation
[43, 44], our observations suggested that MVM p had
no significant impact on the proportion of Th17 cells in
CD3*CD4" T cells compared to the PBS group in vitro
(Fig. S18). Consequently, these results revealed that miR-
155-3p played a critical role in the immunosuppression of
MVM,;pc, especially through the upregulation of Treg.

MVM®P3 ,  alleviates sepsis and improves survival rate

To explore whether the immunosuppressive potential of
MVM®P3 - is protective in acute inflammatory dis-
eases, a murine sepsis model was treated with different
MVMs by daily tail vein injections (from day 1 to day
3), and PBS treatment as a control (Fig. 5A). The cecal
ligation and perforation (CLP) model was employed as
one of the gold standards for sepsis research, triggering
polymicrobial peritonitis, which ultimately led to septic
shock. We established the sepsis via CLP at Day 4 and
euthanized mice after 24 h. In both of PBS and MVM; pc
treatment groups, swelling and congestion were observed
in the intestines of the mice, with purulent inflammation
and a large amount of bloody turbid effusion produced in
the abdominal cavity (Fig. 5B). MVM®“P3 , - treatment
group exhibited fewer purulent lesions in the abdomi-
nal cavity compared with other groups. Flow cytom-
etry analysis demonstrated that MVM . treatment
increased the percentage of CD3*CD4*FoxP3* Treg in
spleen from 3.2+£0.7% to 18.1£2.0%, and in lymph nodes
from 1.0£0.5% to 9.4+1.9% compared with PBS treat-
ment (Fig. 5C, D). When modifying aCD3 antibodies to
obtain MVM“CDSChDC, the percentage of population of
CD3*CD4"FoxP3" Treg further increased to 23.2+2.1%
and 29.2+3.5% in spleen and lymph nodes, respectively,
which contribute to more accumulation in spleen and
internalization of MVM®“®3, . in T cells. Multiple
organ dysfunction syndrome (MODS), a frequent and
serious complication of sepsis, is associated with high
mortality rates [45]. To study the therapeutic potential of
MVM against CLP-induced MODS, the liver and kidney
of mice were investigated via histological examination.
Hematoxylin and eosin (H&E)-stained sections revealed
that the septic mice treated with PBS or MVM, p had
multiple diffuse coagulations in the liver and glomeru-
lar swelling with inflammatory cells infiltration in the
kidney (Fig. 5E). However, MVM®“P3 . treatment
considerably attenuated liver and kidney damage and
showed less infiltration of inflammatory cells (Fig. 5F),
similar as sham group. The immunofluorescence stain-
ing of M1 (CD86) and M2 (CD206) macrophages in liver
of mice further confirmed that MVM*P3 | . promoted
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M2 macrophages and inhibited M1 macrophages (Fig.
S19). Cytokine storm is an important characteristic of
sepsis, which representing an auto-amplifying cytokine
production [46]. The concentrations of key cytokines in
the serum of mice were determined using ELISA mea-
surement. Comparing to other groups, MVM®P3
treatment showed significantly reduced TNF-a and
IL-6 levels in the serum (Fig. 5G). In contrast, a sharply
up-regulated level of IL-10 in the serum that could be
secreted by induced Treg and M2 macrophages was
observed after MVM®P3, . treatment. As expected,
MVM®P3 | - treatment had the highest survival rate
of 37.5% for 7 days, whereas the effect of MVM, pc was
relatively insignificant (Fig. 5H). These results indicated
that MVM®P3 | - efficiently protected mice against sep-
sis through the induction of Treg and M2 macrophages.

MVMP3 - ameliorates joint injury and inflammatory
response in CIA model

In order to assess the potential impact of MV hDC
on autoimmune diseases associated with chronic inflam-
mation, a collagen-induced arthritis (CIA) model with
respect to rheumatoid arthritis process was developed
and was treated every 3 days according to the sched-
ule (Fig. 6A). Due to the lack of significant differences
observed between PBS and MVM,; pc treatments in
the previous experiments (data not shown), subsequent
experiments did not include MVM,pc treatment. Model
group with PBS treatment displayed severe inflammation
in the joints, while the paw thickness and arthritis score
swelling obviously decreased after MVM®“P3, - treat-
ment (Fig. 6B, C). RA is characterized by sustained syno-
vitis, progressive cartilage and bone destruction [47]. In
order to validate pathological states of RA at the end of
treatment, histological analysis of the knee joint sections
was performed (Fig. 6D). H&E staining images demon-
strated the articular cavity surface damage, extensive
inflammatory cells infiltration and obvious formation of
pannus of mice in model group. However, the treatment
with MVM®“P3 - exhibited articular cavity surfaces
that were near normal, characterized by a clear interface
and minimal infiltration of cells. In addition, safranin
O-fast green (SO-FQ) staining revealed a noticeable loss
of proteoglycan in the model group, indicating severe
cartilage damage. Remarkably, MVM®P3 . treat-
ment exhibited the best cartilage preservation except
for the normal group. The anti-inflammatory effect of
MVM®P3 | - was investigated through the histological
examination of the proinflammatory cytokine expres-
sion. The expression of TNF-a in the model group was
significantly elevated compared with the normal group,
indicating the central involvement in the pathogen-
esis of RA. In MVM,pc treatment, the expression of
TNF-a was obviously decreased compared with PBS
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s. ATimeline of MVM®“®3 o treatment experiment in sepsis model. B Ven-

tral view of mice from different treatment groups. C-D Percentage of CD3*CD4*FoxP3* Treg in CD3*CD4 T cells in spleen and lymph nodes in sepsis mice
after different treatments using flow cytometry analysis. E-F H&E staining images of liver and kidney tissues after different treatments. Scale bar =100 um.
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treatment, which was in accordance with the reduced
synovial inflammation and cartilage erosion in above
observations, while the expression in MVM®P3,
group was further decreased. The therapeutic strategy
that aims to achieve the immune homeostasis in spleen

and lymph nodes by inducing Treg has great poten-
tial in RA therapy [48]. After MVM®“P3 - treatment,
the percentage of CD3*CD4*FoxP3* Treg were mark-
edly increased in spleen and lymph nodes (Fig. 6E, F),
while Treg-related cytokine (IL-10) was increased and
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Fig. 6 The effect of MVM®P3, |- on joint injury and inflammatory response in the CIA model. A Timeline of MVM®P3 - treatment experiment in CIA
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suggesting the biosafety of MVM (Fig. S20). Similarly,
our results indicated that there is no significant differ-
ence in CD3"CD4*IL-17 A* Th17 cells between MVM
and model group, while Th17/Treg ratio showed signifi-
cant differences (Fig. S21). Taken together, these results

pro-inflammatory cytokines (TNF-a and IL-6) were
decreased in the serum of mice, respectively (Fig. 6G). To
further evaluate the toxic and side effects of MVM treat-
ments, major organs of treated mice were collected. No
obvious pathological change was found during all groups,
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suggested that MVM®P3 , - - could reduce inflammation
in CIA by promoting Treg expansion and maintaining
the immune homeostasis.

Discussion

Acute or chronic inflammation diseases such as sepsis
or RA, are mainly caused by the inflammatory disorder
associated with the innate and adaptive systems [1, 2].
It is well known that Treg as an important immnosup-
pressive lymphocyte can exert their suppressive function
both at the tissue site of inflammation and in second-
ary lymphoid tissues, mediating the anti-inflammatory
response by secreting IL-10 and maintaining the state of
autoimmune tolerance, which plays a key role in various
inflammation diseases therapy [47]. For instance, Nie et
al. reported that TNF-a in the synovium of RA patients
could inhibit the phosphorylation of FoxP3, restrain the
proliferation of Treg and secretion of functional cyto-
kines, leading the occurrence and development of RA
[49]. Shi et al. in situ injected a nanoparticle drug delivery
system loading IL-2, TGF-f, and cyclin dependent kinase
inhibitor to induce Treg differentiation and decrease
Th17 production in RA model, thus reducing the secre-
tion of TNF-a in the knee, which facilitated to relieve
the severity and progression of arthritis [50]. Recently,
tolerant DC infusion has been developed to induce Treg
and inhibit inflammatory macrophages during inflamma-
tory response. In our previous study, we demonstrated
that the adoptive transfer of endotoxin tolerant DC into
septic mice could reduce the secretion of inflammatory
factors to relieve pathological injuries [12, 51]. However,
the immunomodulatory effect of tolerant DC infusion
in clinical studies was not optimal, primarily due to the
poor cell survival of tolerant DC in vivo.

In recent years, EV mainly refer to exosomes that have
emerged as the potential cells-free therapeutics due to
their high biostability and bioactive ingredients such as
mRNA, miRNA, and cytokines, which have a similar
effect to those parental cells and can modulate the biolog-
ical activities of recipient cells [52]. For instance, Zhang
et al. reported that hydrogel loaded DC-derived exo-
somes could activate Treg and improve cardiac function
after myocardial infarction and Zhang et al. also utilized
DC-derived exosomes to upregulate Treg cells in the thy-
muses of rats in experimental autoimmune myasthenia
gravis [53, 54]. However, the clinical applications of EV
have been limited since they are mostly eliminated by
the liver, resulting in a short blood circulation time after
systemic administration [23]. Therefore, increasing the
accumulation in immune organ (spleen or lymph node)
and then improving the selective T-lymphcyte targeting
maybe a potential strategy for DC-derived EV to induce
Treg, thereby managing inflammatory responses to infec-
tions or tissue injury to maintain immune homeostasis.
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Unlike exosomes derive from endosome, MV are
formed by the direct outward budding of the plasma
membrane [24]. The unique features of MV allow them
to particularly inherit a significant portion of surface
receptors and signalling proteins from their parental
cells, thereby endowing MV can act as potent media-
tors of intercellular communication to influence cellular
functions and disease progression [25, 26]. However, it is
true that there is relatively limited research on the spe-
cific immune regulation abilities of MV and the potential
applications of MV-derived biomaterials. Nonetheless,
emerging studies are beginning to shed light on these
aspects. In this study, inspired by the natural origin of
MV, we proposed a means to mimic tolerant DC-derived
MYV using a simple and effective extrusion method. We
proved that this approach could produce a large amount
of MVM,pc, and would enhance the specific surface
protein (such as PD-L1 and azide group) of MVMpc
and bioactive cargos (such as proteins and miR-155-3p),
thus improving their homing ability to spleen. The spleen
contains a variety of immune cells, for instance, B cells,
T-lymphcytes, and monocytes, etc [55]. . To obtain the
specific T cells-targeting ability, we conjugated aCD3
antibodies on the surface of MVM,; p through metabolic
glycoengineering and bioorthogonal copper-free click
chemistry (Fig. 1). Confocal microscope imaging showed
the uptake of MVM®“P3 | - in T cells was promoted by
aCD3 antibodies (Fig. 2). Furthermore, the accumulation
and T cells-targeting of MVM*“P3 , | in spleen after
intravenous injection were confirmed by microscopy
and FACS analysis (Fig. 2). These results suggested that
MVM®P3 | . with similar structure and homing ability
as natural MV could be produced using a straightforward
extrusion method. Moreover, the surface modification of
aCD3 antibodies significantly enhanced their targeting
ability towards T cells within the spleen.

Anti-inflammatory M2 macrophage and Treg are
important innate and adaptive immune cells in immu-
nosuppression, respectively [56, 57]. We found that
MVM®P3 | - had the ability to promote the induc-
tion of CD3*CD4*FoxP3" Treg and increase the secre-
tion of IL-10 (Fig. 3). These findings suggested that
MVM®P3 - had the potential for the treatment of
acute or chronic inflammatory diseases by improving the
peripheral immunosuppression. Further studies dem-
onstrated that MVM*“P3 - promoted the phenotype
polarization of MO macrophages towards anti-inflam-
matory F4/80*CD206% M2 macrophages, inhibited the
pro-inflammatory F4/807CD86* M1 macrophages, and
increased the secretion of anti-inflammatory cytokines
in M2 macrophages (Fig. 3). These results indicated that
MVM®P3 | largely inherited the immunosuppressive
function of chDC. However, little information is avail-
able regarding the mechanism of DC-derived MV for
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Treg induction. Therefore, we analysed the transcrip-
tomic profiles of MVM_ ¢ and found many significantly
expressed miRNAs (e.g., miR-155-3p, miR-125a-3p and
miR-125a-5p) that were associated with Treg upregula-
tion (Fig 0.4). Lu et al. observed that miRNA-155 defi-
ciency in Treg results in increased SOCS1 expression
accompanied by impaired STAT5 activation and inhibit
FoxP3 expression [40, 41]. Especially, both of miR-155-3p
and its hairpin (mir-155) were markedly increased in
MVM,pc and had a strong effect toward Treg induction.
We also showed that miR-155-3p in chDC or MVMp¢
was significantly higher than that in imDC or EMpc,
respectively, suggesting that MVM prepared by our
approach had the ability to carry more bioactive cargos
inherited from parental cells compared to EM. In the
presence of miR-155-3p mimic and miR-155-3p inhibitor
further verified miR-155 could improve FoxP3 expres-
sion in Treg by inhibiting SOCS1 pathway. The role of
miR-155-3p in MVM_pc and Treg induction may offer
an unique perspective for the development of EV-based
immnosuppression therapy. Although there has been
controversy surrounding miR—-155, several studies have
demonstrated its pivotal role in autoimmune diseases by
promoting pathogenic Th17 responses [58—62]. However,
we didn’t observe any alteration in the differentiation of
Th17 cells after MVM treatment both in vivo and in vitro
(Figs. S18 and S21), which was consistent with the find-
ings of Lu et al. [41]. They suggested that the repression
of SOCS1 by miR-155 is not necessary for the promo-
tion of Th17 differentiation. Based on our data, we con-
cluded that miR-155 could regulate FoxP3 by targeting
SOCS1 in Treg cells. However, further research is needed
to explore the underlying mechanisms in detail. Last,
in both acute inflammation disease model (sepsis) and
chronic autoimmune disease model (RA), MVM*“P3 , -
promoted the increase of Treg in spleen and lymph node,
and reduced the concentration of pro-inflammatory
cytokines in the serum, thus improving the survival rate
of septic mice and ameliorating joint injury RA mice
(Figs. 5 and 6).

Conclusions

In summary, to mimic the natural DC-derived MVs
and further enhance the targeting ability to T cells, we
developed MVM®“P3 - through the combination of
extrusion and surface engineering. Our design enabled
MVM®P3 | - to preserve the membrane surface pro-
teins of chDC and their homing ability to spleen, and
selectively targeting T-lymphcytes within spleen. Addi-
tionally, our studies established that MVM*“P3 | . could
increase the induction of Treg and promote the polar-
ization of M2 macrophage, leading to the improvement
of anti-inflammatory cytokines secretion. Mechanisti-
cally, the elevated Treg levels induced by MVM - were
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mediated through the increased miR-155-3p. Upon sys-
temic administration, MVM®P3, - showed excellent
immunosuppressive efficiency in both models of sepsis
and RA. Therefore, our work presented a novel cell-free
therapeutic system with broad applications for the treat-
ment of inflammatory and autoimmune diseases.

Methods

Materials

RPMI-1640, penicillin streptomycin, trypsin, bicincho-
ninic acid (BCA) protein assay kit and cell counting kit-8
(CCK-8) were purchased from Meilunbio (Dalian, China).
Fetal bovine serum (FBS) was purchased from ExCell Bio
(Shanghai, China). Lipopolysaccharide and 1,1’-diocta-
decyl-3,3,33’-tetramethylindodicarbocyanine,4-chlo-
robenzenesulfonate salt (DiD) fluorochrome were
purchased from Sigma-aldrich. Granulocyte-macrophage
colony-stimulating factor (GM-CSF), Interleukin (IL)
-2, IL-4, IL-13, and interferon-y (IFN-y) were purchased
from Peprotech (USA). Dibenzocycolctyne-cyanine5
(DBCO-Cy5), N-azidoacetylmannosamine-tetraacylated
(Ac;ManNAz) and dibenzylcyclooctyne- NHS ester
(DBCO-NHS) were purchased from Macklin (Shang-
hai, China). Goat Anti-Rat IgG H&L (FITC) and anti-
SOCS1 antibody were purchased from Abcam. Type II
bovine collagen, Freund’s complete adjuvant and Freund’s
incomplete adjuvant were purchased from Chondrex
(Washington, USA).

Animals

C57BL/6 (female, 6—8 weeks) and DBA/1 mice (male,
6—8 weeks) were purchased from Zhejiang Vital river
Experimental Animal Technology Co. Ltd. All animals
were treated in compliance with the guidelines in the
Guidance Suggestions for the Care and Use of Laboratory
Animals. This research was approved by the Experimen-
tal Animal Ethics Committee of Wenzhou Institute, Uni-
versity of Chinese Academy of Sciences.

BMDC culture and stimulation

BMDC were isolated from the C57BL/6 mice according
to an reported method [31]. Briefly, femur and tibiae were
isolated from muscle tissue of mice. The intact bones
were then sterilized with 70% ethanol for 5 min and
washed with phosphatebuffered saline (PBS). Bone ends
were cut and the bone marrow was flushed with PBS. Cel-
lular clusters in the bone marrow suspension were disin-
tegrated and washed with PBS. Monocytes from bone
marrow were cultured in RPMI-1640 complete medium
including penicillin (100 U/mL), streptomycin (100 U/
mL) and 10% inactivated FBS, with GM-CSF (20 ng/mL)
and IL-4 (5 ng/mL) to obtain BMDC. A fresh complete
medium change was performed on days 4. For immature
DC (imDC), cells were collected at day 7 without other
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treatment. For prime DC (prDC), cells were treated with
LPS for 48 h at 0.1 pug/mL at day 5. For challenge DC
(chDC), cells were treated with LPS for 48 h at 0.1 pg/mL
at day 5, and then treated with LPS for further 24 h at
1 pg/mL. For mature DC (mDC), cells were treated with
LPS for 24 h at 1 pg/mL at day 7. Ac,ManNAz was added
to medium and incubated with chDC for 3 days to obtain
ChDCAZidO.

Preparation and characterization of MVM
DC-derived MVM,, e, MVMpc and MVMAZ
were collected using the extrusion method [27]. Briefly,
imDC, or chDC, or chDCA%%° (1x10° cells) were col-
lected and resuspended in 1 mL of PBS. The cell sus-
pensions were extruded through 5 pm polycarbonate
membrane filters (Nuclepore, Whatman Inc., Clifton,
NJ) using a mini-extruder (Avanti Polar Lipids, Birming-
ham, AL). Cell debris of the final extruded sample (1 mL)
were removed by centrifugation at 1,000 xg for 10 min
at 4 “C. The MVM,, pcy or MVM_pc, or MVMAZ |
were collected at 21,000 xg for 30 min at 4 ‘C. The final
sample was stored at -80 ‘C. The MVM®“P3 - were
obtained by conjugating DBCO-aCD3 antibody onto
the surface of MVMA4° . Briefly, 3 mM of DBCO-
NHS in methyl alcohol was added into 0.6 mM of aCD3
antibody (Biolegend, USA) in PBS and swirled for 5 min
at room temperature following overnight incubation
at 4 °C. 1 uM DBCO-aCD3 antibody was added to the
MVMA4de | suspension to react for 2 h at 4 °C, then
unreacted DBCO-aCD3 antibody were removed using
centrifugation. For EM preparation, the cell suspensions
were extruded sequentially through 5-, 1- and 0.2 pm
polycarbonate membrane filters using a miniextruder.
Cell debris and microvesicles of the final extruded sam-
ple were removed using centrifugation at 10,000 xg for
10 min at 4 ‘C. The EM were purified and concentrated
with a 100 kDa centrifugal filter (EMD Millipore, Tem-
ecula, CA, USA) at 1,000 xg for 15 min at 4 ‘C with PBS.
To evaluate the azido positive percentage of chDCA%4°,
chDC were incubated with Ac,ManNAz at different con-
centrations for desired time duration. Then, chDCA%4°
were labeled by DBCO-Cy5 and examined using flow
cytometry. Similarly, to evaluate the azido positive per-
centage of MVMAZ | chDCA%4° were extruded to
obtain MVMA%d  ~ and then MVMA% . were
labeled by DBCO-Cy5 and were examined using flow
cytometry. The size and (-potential of MVM®“P3 -
were analyzed by DLS using Nano ZS (Malvern). The
morphology of MVM®P3 , - - was further observed by
transmission electron microscopy (TEM, Thermo, Talos
F200S). To confirm the conjugation of aCD3 antibody on
the surface of MVM*4° | vig click chemistry reaction,
MVM*P3 | were stained with goat anti-rat IgG (FITC,
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Beyotime, Shanghai, China) and then examined using
flow cytometry.

The cytotoxicity of MVM in splenic lymphocytes were
examined using CCK-8 assay. Murine primary splenic
lymphocytes were collected as the previous reporting
[63]. Briefly, the spleens from C57BL/6 mice were pro-
cessed to obtain single-cell suspensions. Then cells were
seeded in a 96-well plate at a density of 5x10* cells under
RPMI-1640 complete medium with IL-2 (10 ng/mL).
After 72 h incubation with different MVM, the cells were
added fresh medium containing 10% CCK-8 reagent for
2 h. The optical density (OD) at 450 nm was measured
with a microplate reader (ELx800, BioTek, USA). The
protein concentration of MVM was determined using
BCA assay. MVM with 80 pg/mL proteins (MVM pre-
pared from 1x10° cells=80 pg) were utilized in the fol-
lowing in vitro experiments. In in vivo experiments,
MVM with 160 pg proteins was intravenously injected in
mouse each time.

Intracellular uptake of MVM in splenic lymphocytes
Splenic lymphocytes were seeded in a 24-well plate at a
density of 5x10° cells in RPMI-1640 complete medium
with IL-2 (10 ng/mL). The cellular uptake of different
MVMs were detected using flow cytometry and confocal
laser scanning microscope (CLSM). DiD fluorochrome
was utilized to label MVMpc and MVM*P3, .
Labeled MVM were incubated with cells for 8 h. Then,
the cells were collected and stained for flow cytometry
analysis. For CLSM observation, the cells were fixed in
4% paraformaldehyde for 15 min, and then they were
stained using anti-CD3e antibodies and secondary
antibodies. Finally, they were observed using a CLSM
(Nikon).

In vivo biodistribution study

EMpey MVMype or MVM®CP3 | - labeled with DiD
were injected into mice via tail vein injections. The
mice were euthanized and the major organs (heart, liver,
spleen, lung, kidney and inguinal lymph nodes) were har-
vested after a predetermined time. The harvested organs
were washed with PBS before imaging of fluorescence on
the IVIS Lumina XRMS Series III spectrum imaging sys-
tem (the excitation wavelength of 640 nm and emission
wavelength of 670 nm).

In vitro immune cells responses

Splenic lymphocytes and BMDM were isolated from
the C57BL/6 mice. Splenic lymphocytes were seeded in
a 24-well plate at a density of 5x10° cells and incubated
with different MVM, miR-155-3p mimics (100 nM, Gen-
eral bio, Anhui, China) and miR-155-3p inhibitors plus
MVM_pc at 37 °C for 72 h. Lipofectamine 3000 (Invit-
rogen, USA) was used for transfecting according to the
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manufacturer’s protocol. Subsequently, the cells were
tested using flow cytometry and qPCR. The supernatant
was tested using ELISA (Peprotech, USA).

To obtain M1 macrophages, BMDM in day 7 were
seeded in a 24-well plate at a density of 1x10° cells,
and then LPS (100 ng/mL) and IFN-y (20 ng/mL) were
added in medium for further 24 h incubation. To obtain
M2 macrophages, IL-4 (10 ng/mL) and IL-13 (10 ng/
mL) were added in medium for further 48 h incubation.
BMDMs, or M1, or M2 macrophage were incubated with
different MVMs at 37 °C for 48 h. Subsequently, the cells
were tested using flow cytometry and qPCR. The super-
natant was tested using ELISA (Peprotech, USA).

In flow cytometry measurement, antibodies against
CD11b, CD11c, F4/80, Ly-6G, CD86, CD206 and PD-L1
(Biolegend, USA) were utilized for myeloid cell staining.
Antibodies against CD3e, CD4 and FoxP3 utilized for T
cell staining (Biolegend, USA). Cytofix/cytoperm soln kit
(BD bioscience) and FoxP3 transcription factor staining
buffer set kit (Invitrogen) were used for CD206 stain-
ing and FoxP3 staining, respectively. All data were col-
lected on CytoFLEX (Beckman) and were analyzed with
FlowJo software (Tree Star, Inc.). In qPCR measurement,
the cDNA of mRNA were synthesised using PrimeScript
RT Reagent Kit (TaKaRa). The expression of mRNA
was detected using BlasTaq 2xqPCR MasterMix (Abm,
Jiangsu, China). The gene-specific primers were listed in
Table S1. The relative expression of mRNA normalised to
GAPDH was calculated using the 224" method.

RNA extraction and transcriptomic sequencing

Three biological replicates were carried out based on the
treat group MVM,pc and the control group MVM,.pc»
respectively. The six samples (two groups by triplets)
were then subject to high-throughput transcriptomic
sequencing. After total RNA was extracted by Trizol
reagent kit (Invitrogen), the RNA molecules in a size
range of 18-30 nt were enriched by polyacrylamide gel
electrophoresis (PAGE). Then the 3’ adapters were added
and the 36-48 nt RNAs were enriched. The 5’ adapt-
ers were then ligated to the RNAs as well. The ligation
products were reverse transcribed by PCR amplification
and the 140-160 bp size PCR products were enriched to
generate a cDNA library and sequenced using Illumina
HiSeq X Ten System by Gene Denovo Biotechnology Co.
(Guangzhou, China). The raw data were processed and
analyzed using the nf-core rnaseq (v3.12.0) and smrnaseq
(v2.2.1) pipelines and the differentially expressed genes
were obtained by edgeR R package (version 3.42.4). In the
pipelines, sequenced reads were mapped to the mouse
genome (version GRCm39). The genomic annotations
were obtained from the GENCODE mouse gene annota-
tion (Release M31) and the miRNA and hairpin annota-
tions were obtained from the miRbase database [64]. We

Page 16 of 19

identified the differentially expressed genes and miRNAs
with the cut off of log,(fold change)>1 or < -1 and the
false discovery rate (FDR) adjusted P-value)<0.1. The
volcano plots were generated by Enhanced Volcano R
package (v1.18.0). The pathway (KEGG and GO) enrich-
ment analyses were performed by Enrichr tool [65].

The cDNAs of miRNAs were synthesised using First
Strand c¢cDNA Synthesis kit (Stem-loop Method). The
relative expression of miRNA normalised to U6 controls
was calculated using the 224t method.

Western blot assay

The activity of SOCS1 was detected by western blot
assay. Proteins were extracted using RIPA lysis buffer,
and their concentrations were determined via the BCA
assay. Protein extracts were separated using 12.5% SDS-
polyacrylamide gel and then their were transferred to
PVDF membranes (Roche). After blocking with 3% BSA
solution for 2 h, the membranes were incubated with
primary antibodies at 4 °C overnight. The membranes
were washed with tris-buffered saline containing 0.1%
Tween-20 and incubated with secondary antibody for 2 h
at room temperature. The immunoreactivity was visual-
ized using ECL luminescence reagent (Meilunbio, Dalian,
China).

Sepsis model establishment and treatment

CLP were used for sepsis model establishment. Briefly,
after the mice were anesthetized, their abdominal hair
was shaved, and 1.0 cm of the skin was cut with a scal-
pel. The cecum was ligated using a 4—0 suture. The cecal
contents were gently pushed to the distal end with twee-
zers, and the cecum was punctured with a 18G needle.
Subsequently, a small amount of fecal drop was squeezed
from the puncture hole. The cecum was then placed
back into the abdomen and the incision was closed.
Mice were treated with PBS, MVM, pc; MVMpc, and
MVM®P3 | by tail vein injection as described, respec-
tively (Fig. 5A). After 5 days, these mice were euthanized
and the major organs, blood, and bilateral inguinal lymph
nodes were harvested for further study. Spleen and
lymph nodes were collected for flow cytometry analy-
sis. To investigate the cytokine levels in blood, the col-
lected blood samples were centrifuged to obtain serum
for ELISA testing. The major organs were fixed in 4%
paraformaldehyde and embedded in paraffin. Paraffin-
embedded tissue was cut into 5 pm-thick sections then
deparaffinized, rehydrated and stained with H&E. For
survival rate assay, mice in the administration group were
intravenously injected with different MVMs every 24 h
for 7 days instead of euthanizing at 24 h time point.
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Collagen-induced arthritis (CIA) model establishment and
treatment

The CIA mice model was established by double immuni-
zation. Briefly, on day 0, mice were injected intradermally
at the base of the tail with 100 uL of type II bovine col-
lagen (2 mg/mL) (Chondrex) emulsified in equal volumes
of Freund’s complete adjuvant (Chondrex). After 3 weeks,
the mice were given a booster immunisation with 100 puL
of type II bovine collagen (2 mg/mL) emulsified in equal
volumes of Freund’s incomplete adjuvant. Mice were
treated with PBS, MVM_,pc, and MVM®P3 , - - by tail
vein injection every three days until day 48. These mice
were euthanized at day 49, and then the major organs,
blood, joint tissues, and bilateral inguinal lymph nodes
were harvested for further study. Spleen and lymph
nodes were collected for flow cytometry analysis, serum
samples for ELISA and the major organs for H&E stain-
ing. The knee joints were fixed in 4% paraformaldehyde,
decalcified in 50 nM EDTA and embedded in paraffin.
Sections were deparaffinized, rehydrated and stained
with H&E, SO-FG or immune-fluorescent stain.

Statistical analysis

All values were expressed as the mean+SD. Statistically
significant differences were analyzed using Student’s
t-test between two groups or One-way analysis of vari-
ance (ANOVA) among the groups by GraphPad Prism
8.0 software. Log-rank tests were used to compare sur-
vival between treatment groups. Differences with P<0.05
were considered statistically significant. Statistical sig-
nificance was assigned as ns (not significant) P>0.05,
*P<0.05, **P<0.01, **P<0.001, and ****P<0.0001.
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