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Abstract

Immunotherapy, including immunostimulation and immunosuppression, has seen
significant development in the last ten years. Immunostimulation has been verified as
effective in anticancer treatment, while immunosuppression is used in the treatment of
autoimmune disease and inflammation. Currently, with the updatewvafy invented
simplified isolation methods and the findings of potent triggered immune responses,
extracellular vesickbased immunotherapy is very egatching. However, the research

on three main types of extracellular vesicles, exosomes, microvesicles and apoptotic
bodies, needs to be more balanced. These three subtypes share a certain level of
similarity, and at the same time, they have their own properties caused by the different
methods of biogessis. Herein, we summarized the status of immunotherapy based on
each kind of vesicle and discuss the possible involved mechamsspectively In
conclusion, we highlighted that timmmunomodulatoryeffect of the apoptotic body is

clear and strong. Apoptotic bodies have an excellent potential in immunosuppressive
and antiinflammatory therapies.

1. Introduction

Immunotherapy is divided into immunostimulation and immunosuppression according

to the type of disease. Immunostimulation, also called immunostimulatory therapy, has

shown excellent potential in treating cancer [1] and has also been explored in treating

sone viral infections [1]One of thammunostP XODWLRQYfY UHSUHVHQWDWLY |
PD-1 inhibitor to treat tumors. Targeting the suppression of the immune system is the

aim of immunosuppressive/ immunomodulatory therapy. Immunomodulation is also

widely used in antinflammatory treatment. This thapy is effective under several

1 7KLV ZRUN ZDV-ISXEHQYKMP®H &UHDYHQ -LPPUYKRARDSD DIQGR Q
RI LPPXQRWKHUDS\ PHGLDWHG E\ DSRSWRWLF ERGLHV PLFURYHVLFC
XQLTXH @QI@QWPPDWRURSBYDQWLMWUDQVODWLRQDO PHGLFLQH
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conditions: (i) afteallogeneicrgan and/or tissue transplantation (grefhost disease,
GvHD); (ii) in autoimmunity; (iii) when it overreacts to allergens.

Extracellular vesicles (EVs) are widely studied. Types of EVs include exosomes,
microvesicles (MVs) and apoptotic bodies (ApoBs)6]2 All three subtypes have
therapeutic potential as they act as important messengers in physiological and
pathological coniions. EVs all potentially and purposefully target immune cells to
mediate immunotherapy.

As one of the smallest types of EVs, exosomes range approximately from 30 to 150 nm

[7-9]. Due to their therapeutic properties and delivery potential, exosomes have become

an absolute research hotspot in the last decade (Figure 1). Exosomes asgzethall

particles formed during double invagination of the plasma membrane and the
generation ofintracellular multivesicular bodies (MVBs) wrapping intraluminal

vesicles [1612]. After MVB fuses with the plasma membrane, intraluminal vesicles

are finally released through exocytosis as exosomes [12] (Figure 2). Their small size

(~50 nm) was consideret allow a higher cellular uptake than largize EVs in
thermodynamic models and several experimental studies [7, 13H&djever its

surface membrane protein CD47 can bind to SIRRWVR EORFN SKDJRF\WRVLV
immune cells [15, 16]. CD47 exempts the phagocyte system and enables them to target
other immunocytes. Especially after modification/engineering, their target capacity can

be significantly enhanced. Several studies have enabled exosomes to be involved in the
phagocyte systemArtificial CD47 knock-out [17] and CD47/SIRP. FRPSHWLWLYH
occupancy [18] are two effective methods to allow exosomes to be phagocytosed.

number of publications
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Figure 1. The number of publications about the three types of vesicles in the recent
GHFDGH 7KH GDWD ZDV DFTXLUHG E\ VHDUFKLQJ HDFK )
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webofscience.com. This figure was generated by GraphPad Software (9.0.0).
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Figure 2. Biogenesis of three kinds of vesicles. Exosomes form by undergoing
intracellular multivesicular bodies pathway. Microvesicles (MVs)sdred by outward
blebbing of the plasma membrane. Apoptotic bodies (ApoBs) are produced by apoptotic
cells. The process begins with condensation of the nuclear chromatin, followed by
membrane blebbing, progressing to the disintegration of the cellular roitt
distinct membranenclosed vesicles.
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Table 1. Basic comparison between exosomes, microvesicles (MVs) and apoptotic
bodies (ApoBs)

Microvesicles (MVs) are vesicles (Qtl P VKHG E\ RXWZDUG EOHEELQJ R
membrane [26] (Figure 2). MVs shared similar properties with exosomes. MVs and
exosomes are often merged and referred to as small EV (sEV). Both MVs and exosomes

are multitargeting. MVs and exosomes can target multiple cells depending on their

parental cells. MVs also express vesicular CD47 [34, 8%, MVsare speculated to

escape phagocytosis in vivo and have a prolonged circulation time.

Depending on the different cell sources, MVs and exosomes can promote
immunostimulation or immunosuppression. For example, MVs from tumors can
present tumor antigens to the antigeasenting cells (APCs) to mediate
immunostimulation [36, 37], while mesdngnal stromal cell (MSGlerived
exosomes are immunomodulatory. M8&somes have been shown have
immunomodulatry effectsin many autoimmune diseases including, GvHD [38],
rheumatoid arthritis [39] and multiple sclerosis [40].

Compared to exosomes and microvesicles, the enthusiagra research community

to study ApoBs is lower (Figure 1). Howey&poBs have very similar properties to
exosomes except for their larger size -B8M0 nm) [28]. They are produced by
apoptotic cells. Apoptosis begins with the condensation of the nuclear chromatin,
followed by membrane blebbing, progressing to the digrateon of the cellular
content into distinct membrarenclosed vesicles termed ApoBs or apoptosomes [29,
32] (Figure 2). Like MVsand exosomes, ApoBs also strongly affect recipient cells,
which are professional phagocytes and nonprofessiogighboringcells [41]. But
XQOLNH 09V DQG H[RVRPHV $SR%VY XAhdhpJdiMhe FHOOV DL
recipient cells, the main target cells are macrophages, dendritic cells (DC#)eand
neighboringcellson the apoptosis sit8oth macrophages and DCs play an important
role in modulating the immune system. After phagocytosing ApoBs, macrophages
polarize to antinflammatory M2 phenotype [42] while, tumderived ApoBs induce

DCs to preinflammatory mature phenotype [43].
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Overall, exosomes, MVs and ApoBs have a similar lipid bilayer membrane and carry a
gene androtein cargo. Alsoall of them are released by cells but through different
pathways. They all can deliver their cargo or loaded drug to recipient cells and elicit a
therapeutic effect. But in recent years, the enthusiasm to study ApoBs has been low
despite their potent effecnammune cells. In this review, we stated the status of
immunotherapy meditated by these three vesicles and with a specific interest in the
effect of ApoBs. The pentialinvolved mechanism which causes the difference was
also analyzed.

2. Camparison of immunotherapy

2.1 Immunotherapy mediated by exosomes

([RVRPHVY UHFLSLHQW FHOOV YDU\ GHSHQGLQJ RQ WKH
their parental cells, ligandeceptor bindingnediated targeting and macrophage
dependent clearance are three major theories of exosome targeting. 1) The homing
effect refers to the exosomtebility to home to their cells type of origin, for example,
tumorexosomes target and alteimor cell in tumor microenviraament [44, 45].The
mechanism of homing is still unclear, but it essentially may be a Hgzseptor effect.

2) Ligandreceptor binding also called active targeting. Active targeting is where a
targetng moiety, such as a ligand or an antibody, is introduced onto the exosomes to
target tissues with specific upregulated proteins in comparison to the surrounding cells
[46-48]. 3) Macrophage clearance is that exosomes are primarily cleared via
phagocytosis and endocytosis by macrophages in the mononuclear phagocyte system
(MPS) [49, 50]. These three targeting methods are compatible, and multiple
mechanisms are often used togetheatasign exosome treatment strategies.

2.1.1 Immunostimulation mediated by exosomes

The most typical immunostimulation model induced by exosomedursor
immunotherapy elicited byumorderived exosomes. Regarded as a very potential
tumorvaccine, exosomes carry sufficient antigens from their parent cells. After being
presented by APCs or directly recognized bycell receptos [51], an
immunostimulatory cascade reaction is initiated and thus leads to a benefieial pro
inflammatory anttumoreffect [52].

However, the binding of exosomal surface CD47 and SIRRUVHY D SGRQYW HDW P
VLIQDO > @ HQDEOLQJ H[RVRPHY LPPeXiQdit HVFDSH |
phagocytosis, resulting in less antiganesenting, is ahdlenge of tumoral exosome
immunostimulatory therapy. Through the blocking of CD47, the phagocytosis of
exosomes by MPS increases but whether this loss of CD47 results in a stronger
immunostimulatory reaction remains unknown.

To overcome this lovefficient phagocytosis obstacle, there averently three main
strategiesliscussed
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(2) In vitro incubating antigeigarrying exosomes with DCs. It is verified that DCs are
able to uptake exosomes in a simpler in vitro environment than in more complex in
vivo environments [54]. In this paper, breast cancer cell E@Erived exosomes
were reported to contain immunomodulatory emoiles such as HSP70, HSP9O,
MHC | and MHC Il. After incubating with exosomes in vitro, mice dendritic DC2.4
cells (mice bone marrovderived dendritic cells)ncrease the proliferation and
migration abilities, accompanied by the upregulation of CD40 (&enaf mature
DC). Thesegumorbearing micg DCstreated exhibited decreasemimor growth
and sufficient Fcell infiltration [54]. Importantly, in another research paper,
exosomencubated DCs can induce stronger stimulatory reactions antuardr
effects thantumor lysateincubated DCs [55], demonstrating the sufficiency and
high efficiency of antigens carried by exosomes.

(2) Using dyingtumor cell-derived exosomes. DCs fail to recognize liuenor cells
and cease to become activated, but DCs can be activated by antigens from apoptotic
tumor cells. Thus, Zhou et al. prepared dyingnor cell-derived exosomes to
stimulate the immune system [56]. Although they did not quantify the apoptotic
exosomal CD47, the uptake efficiency of apoptotic vesicles was very high, and the
immunostimulation was also successfully triggered. The relevant misoaf
apoptotic vesicles likely involvetthe exposed phosphatidylserine, similar to ApoBs.
This mechanism will be discussed in a later chapter.

(3) Antigens, adjuvant or other therapeutic agenidelivery. Generally, this co
delivery method is to strengthen immunostimulation. The research above using
apoptotic cellderived exosomes [56] also involves adjuvant and siRNA to enhance
the therapeutic eftd. Zhou et al. used MART to expand cell-related responses
and CCL22sRNA to impede CCR4/CCL22 axis between Tregs and DCs.
&RPPRQO\ XVHG DGMXYDQW LQHRaaxeHiver&andde [355 > @ DQC

Regardingthe CD47-targeting strategy, exosomes can be utilized to block tumoral

&' ELQGLQJ ZLWK 036 6,53. DQG WKXV OHDGLQJ WR LF
immunostimulation was caused by exosomes indirectly because exosomes are not
regarded as the presented antiggR U H[DPSOH E\ WUDQVIHFWLQJ 6,53.
6,5 3expressed exosomes display an excellent affinity to Gixturally

overexpressed cancer HT29 cells. Due to the binding of tumoral -‘€kesbmal

6,53. PDFURSKDJHV FDQQRW UHFRJMW ] HVXWPROQD® V& 'D Q
phagocytose moraumor cells. This will also enable intensivecEll infiltration and

thus reduce the volume of thanorin vivo [16].

Except for tumorderived cells/exosomes, M1 macrophalgeived exosomes are
studied to enhance immunostimulation as M1 is a commaolysidered pro

inflammatory cell phenotype. Mice M1 macrophage cell RAW2&kiived exosomes
are reported to be able to increase MO RAW264.7 releasifigfammatory cytokines,
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while M2 RAW264.7derived exosomes cannot. Exosome treated MO RAW264.7
secreted cytokines induce murine breast cancer cells 4T1 apoptosis [58].

2.1.2 Immunosuppressionmediated by exosomes

The previous paragraptliscussedthe role of tumorderived exosomes that cause
immune stimulation. In fact, most of themorderived exosomes naturally induce
immunosuppresge functions and are a very important component of the
immunosuppressivéumor microenvironment [5%1]. These exosomes, especially
Programmed Deathigand 1 PD-L1)-expressingumor exosomes, are produced in
autologoustumor tissue and beneftumor progression [6:54]. Autologous tumoral
and PDL1-carlying exosomes contribute to immunosuppression and impedeBnti

1 therapy [65] via inducingumorspecific CD8+ T cell exhaustion [66] and
suppression [67] and thus reducing immune infiltration. Blocking these
immunosuppressive exosomes is a good strategy to overcome the low response of PD
L1 therapy. Using Macitentafa new chemicatompoundl to inhibit these autologous
tumoral EV seretion, the binding to PR and PBL1 decreases and thus enhancing
the CD8+ T celimediatedumorkilling and anttPD-L1 therapy [68].

MSC have antigespresenting properties [69]. This property is relevant to
immunomodulation and immune tolerance -[7Z). Effecting similarly with their
parental cellsMSG-exosomes are also reported to involve antiggsenting pathways,
which can induce more Tregs in the presence of DCs than absence [73]. This
demonstrated that MSE€xosomes might present the relevant antigens to DCs, but not
directly affect T cells. Hoever, MSCGexosomes antigen presenting mechanism of
action is currently lacking explanah. Despite the lack of explanation, the
immunomodulatory effect of MS€xosomes is widely verified. They can expand
Tregs [73], polarize M2 macrophage [74] and inhibit T cell proliferation [75]. MSC
exosomes have potential in various autoimmunity diseaseluding grafiversushost
disease [38, 76], rheumatoid arthritis [39, 77] amditis [78, 79].

2.2 Immunotherapy mediatedby MVs

MVs function similarly to exosomes. These two vesicles are often amalgamated and
referred to as small EVs. Some studies compared the proteomics between exosomes
and MVs [80, 81] to reveal the difference. It is likely that MVs carry more proteins than
exosanes, possibly due to their larger size. [82, 83]. MVs are more similar to their
parental cells with more comparable protein categories than exosomes [83]. Although
there are differences between these two patrticles, the conclusion is that both can reflect
the state and function of their parental cells. No studies have shown a significant
difference in function between these two particles. Additionally, MVs also express
CDA47 [34, 35] to enable extended circulation times and #argeting properties. In
thisreview, we speculate MV and exosomes function similarly.
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In the case of similar effectaymorand MSCGderived MVs were also widely studied.
Like their exosomegumorderived MVs can induce mature DCs in vitro and cause an
antrtumor immunostimulatory  response  [37]. MSferived MVs are
immunomodulatory and have demonstrated the ability to modulate inflammatory
responses [84, 85]. Apart frotumor and MSCMVs other immunotherapies of
different MVs are also interesting. In the aspect of immunostimulation, activated CD4+
effector cells are immunostimulatory. ThBINVs target microvascular endothelial cells.
Proteomis analysis showed these inflammatiaiated celderived MVs were
enriched with proteins involved in pioflammatory processes. CD4+ MVs have been
shown to inhibit endothelial wound healing and induce endothelial cell apoptosis [86].
The activated T cellerived MVs are also proven to deliver gene signal-dadR3 to

the mast cell, leading to their activation in the T-oe#ldiated inflammation [87]. These
facts further demonstrate MVs function similatdytheir parental cells.

2.3Immunotherapy mediatedby ApoBs

Unlike the multitargetingpotentialof exosomes, ApoBs are eliminated by two main

NLQGV RI FHOOV 7KH ILUVW LV D 3SURIHVVLRQDO SKDJ
LPPDWXUH '& 7KH {Rrafdssiodal ne\ghbo@ i@ @HOOV™ VXFK DV WK
neighboringtumor cells. More importantly, the lack of CD47 enables rapid clearance

and ts fewer offtarget effects. Therefore, compared with EVs, the most potent
advantage of ApoBs is a clear target cell.



INTRODUCTION

Figure 3. Three major pathways to clear apoptotic bodies. The clearance via
macrophages and dendritic cells (DCs) can be used in immunotherapy.

2.3.1Anti -inflammatory and immunosuppressive Phagocybsed by macrophages
and inducing M2 phenotype

Macrophages aran integral part of the innate inume responseavyhite blood cel that

engulfs and digests substances which do not have proteins specific to healthy cells on
their surface. Macrophages are crucial in the initiation, maintenance, and resolution of
inflammation. It is macrophages that eliminate ApoBs.
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Furthermore, macrophages can induce host defense and inflammatory response or
suppress these functions via phenotyping conversio@188Theseauthors speculated

WKDW $SR%V RU DSRSWRWLF FHOOV FRQWDLQHG 3GHDG"~
phagocyoseApoBs and initiate a negative feedback loop, in other wondsyophages

differentiate into antinflammatory/regeneratiofacilitating M2 phenotype. Among all

the ApoBs in mediating M2 macrophage, M8€rived ApoBs are the most studied.

Recently, it has been reported that MSC undergo apoptosis before eliciting their
functioning in vivo [92]. Then apoptotic MSCs and their efferocytosisiced
inflammatory pathways in alveolar macrophages mediate immunomodulation and
reduce disease sevgriof autoimmunity [93]. The immunomodulatory potency of
apoptotic MSCs is even higher than alive MSCs [94]. These findings likely reveal that
an apoptdic MSC is the most immunomodulatory status of MSC. The eventual
outcome of apoptosis is ApoBs productiofhis may predict the strong
immunomodulation of MS&lerived ApoBs. In other words, MS&poBs have the
potential to be a more direct therapeutic agent than MSC itself. In addition, ApoBs are
more in line with the concept of cdliee therapy, its immunogeity is lower than

MSC in theory. In all, MSEApoBs deserve a greater focus, equal to that of other EVs.

There have been some studies focusing on the immunomodulatory property of MSC
derived ApoBs via the mediation of macrophages. Liu et al. verified that M®Bs
facilitate cutaneous wound healing by polarizing M2 macrophages [42]. Also, to induce
M2 phenoype, Zheng et al. utilized MSBpoBs (apoptotic vesicles) to treat type 2
diabetes. They also showed efferocytosis of ApoBs can induce macrophages to
reprogram transcriptionally in vitro and inhibit the infiltration and activation of
diseased liver macropges in vivo [95].

2.3.2Pro-inflammatory: Phagocytosed by DCs

As mentioned above, macrophage phagocytosing results in amfrtimation
response. This response can switch to amftammatory status when the phagocytic
cells become DCs. It has been widely reported in the establishment of appbatic
cell-phagocytosed DCs for immunotherapy{B@0]. DCs that acquired antigens from
apoptotictcumorcells are able to induce major histocompatibility complex (MHC) class
I-restricted cytotoxic T cells and atimar immunity [98].

DCs, which load myeloma ceflerived ApoBs, can induce myelorapecific T cells,

leading to the activation of myelonnaactive allogeneic T lymphocytésat produce

IFN- > @ OHDQZKG&ODBCs oot Gdality Qonors, pulsed with leukemic

cell-derived ApoBs, is a feasible and safe treatment for chronic lymphocytic leukaemia

patients [43]. More importantly, compared with the lysate and the RNA tiuomor

cells, the ApoBs can induce a stronger autologouselll response in chronic

lymphocytic leukaemialn this clinical trial, ApoBloaded DCs induce strongefcgll

responses with higher expression of2land IFN > @ 7KLV GHPoBRQ VWUDWH

11
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can induce better immunostimulatory DCs ttiamor lysate. However, these ApeB
activated DC studies are slightly dated and have been completed more than ten years
ago. Their methagland technology to characterize ApoBs are limited. This is a clear
limitation of these studies.

Compared to the macrophageoBs strategy, the D@wolved ApoB study
preferentially incubates ApoBs with DCs in vitro before injecting DC in vivo, while the
ApoBsmacrophage strategy enables direcviwro fusion. We speculated this may
account for 1) maophageis the major population of tisstresident mononuclear
phagocytes [103]; 2) the increased phagocytosis capacity of macrophages [104]; 3)
ApoBs are inclined to bephayocytosed by macrophages because of exposed
phosphatidylserine (PS) [105]. If ApoBsin be accurately delivered to DC, infusing
them in vitro prior to injection is unnecessary and the immunosuppresstamof
microenvironment will be greatly improved.

2.3.3 Phagocydsed by neighbauring cells

The third way of phagocytosing ApoBs is througgighboringecells. If the professional
phagocyte is not abundant at the apoptosis site;prafiessionalneighborsusually

clear ApoBs during development [106]. However, this phagocytosis does not directly
connect to the immune response. In tmsghboringcell-phagocytosing mechanism,
ApoBs mainly play a role in promoting cell growth and proliferation {1Q@]. It is
possible that macrophages and DCs can also grow or divide rapidly after phagocytosis
of ApoBs.

2.4 Modifiable (engineered) properties

Because exosomes, MVs and ApoBs all have a similar lipid bilayer membrane and a
loadingfeasible core, the modifiable property is shared by all these particles. In the
above paragraph, we discussed some modified vesicles that illustrate a strengthened
immunotherapy function. In brief, this modification can be separated into vesitde

cargo loading, membrane modification and membrane fusion engineering (Figure 4).

12
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modified/engineered

Figure 4. Commonlysed methods to modify the vesicles.

Firstly, natural loading is the most commonly utilized way to enhance the therapeutic
efficacy on the basis that vesicles already load the natural therapeutical genes and
proteins. Artificially loaded cargo implies altering the cargo by a variety ciongemnic
procedures and includes alterations to the genes and proteins. For exdmplendr
cell-deiived exosomes loadedith miR-142, miR155 or Let7i respectively by
electroporation [111]. Each kind of microRN#ading enhances the effect on DC
maturation and thus mediates an immunostimulatory response. On the contrary,
monocytic THR1 cellderived exosomes loadingth miR-146a or miR494 exhibit an
enhanced inhibitory effect on DC maturation [112]. These two studies sufficiently
demonstrate the importance of vesicle cargo. TheseRb 1$V LPPXQRVWLPXODW
or immunosuppressive effect needs to be verified in advance, anohgoiudo
exosomes amplifies their effect. As for protein delivery, ovalbumin is often loaded in
the nanoparticle to mediate allerggpecific tolerance in the ovalburinduced
allergic inflammation model. In an ovalburataused allergic rhinitis mice mdge
exosomes play an important role as a messenger. Exosomes simultaneously deliver
allergens (ovalbumin) and CpG DNA, an adjuvant that can induce a Thl immune
response, for the treatment of allergic rhinitis. Ovalbumin wegsessed in the
exosomes by trafiecting ovalbumin plasmid DNA into cells. Ovalbunriiaded
HIRVRPHYV ZHUH GHOLYHUHG -‘asBociatedHynipbhdicHtBSue@idV R S KD U\
were primarily absorbed by the DCs via intranasal administration. Intranasally
administering ovalbumioaded exosmes increased ovalbumspecific IgG antibody

titers in vivo thus ameliorated the disease [113].

Beside genes and proteins, chemical drugs are also very popular to load into the vesicle.

Due to their small molecular size, they are easy to load into EVs. For example, to reduce

the associated multiple serious adverse effects of systematic dexametfizExhe

therapy and achieve an accurate delivery to inflamed kidney, DEX was encapsulated
13
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into macrophagelerived MVs, because macrophatdgrived EV can interact with
inflamed endothelium through exosomal adhesion molecules. Macrofdbaged
MVs deliver DEX into the kidney and suppress renal fibrosis and inflammation without
glucocorticoid aderse effects [114].

Secondly, membrane modification usually conjugates proteins or adaptors on the
vesicle membrane. The conjugated protein (adaptor) has a high affinity to the specific
protein and it leaglto an accurate delivery. For example, glioblastoma EVs, modified
with a highaffinity ligand LewisY by insertion, can target Egpecific intercellular
adhesion molecul8-grabbing norintegrin. This thezfore potentiates EVs as anti
cancer immunotherapy [115].

In terms of membrane fusion, liposome membrane is often used to incorporate with
vesicular membrane because they share a similar bilayer structure. Liposome
membranes are commonly used to enhance further the modifiable property of natural
vesicles [116]. Br example, Kang et al. fused liposomes with EVs to form hybrid
vesicles. They further extrude these hybrid vesicles with superparamagnetic ferroferric
oxide nanoparticles to achieve magnetism and then insedistgaroyisn-glycero 3-
phosphoethanolamirdg-[dibenzocyclooctyl(polyethylene  glycol) (DSHEEG
DBCO).The DBCOcombined nanoparticle can capture circulating melanoma cells by
azideDBCO recognition.Then the captured melanoma cells can be enriched by
magnetism [117]. Generally, the EV membrane in this research plays a role in
camouflage to escape the recognition by MPS. And liposome fusion is used to further
conferred magnetism and lipid insertion. Seldman EVs be modified complexly and
directly like this.

3 Involved mechanisnms causing macrophagic posphagocytic antk
inflammation of ApoBs

As demonstrated above, compared with the nrtattiet properties of MVs and
HIRVRPHV $SR%VY WDUJHW LV PXFK nbyEh8 gheigdcytg KLFK W H(
system. This review summarizehree main mechanismisivolved of the target

tendency.

3.1 Different size: It is possible that larger ApoBs are more easily to be phagocyted
by macrophages.

([RVRPHVY VLIH LY FRQWURYHUVLDO )RU GHFDGHV WKHL
them, which is mainly because of the different methods for isolating and determining

their size. It is now widely supported that exosomes are the smallest popul&s of

The size is approximately 360 nm [6, 9].

In this review, we exemplify liposomes, an analogy with EVs, to demonstrate the size
GHSHQGHQW SURSHUW\ RI (9vV 1RZDGD\V RQ WKH RQH KIL
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related superiority is lacking evidence. Liposomes and EVs both have a phospholipid
bilayer membrane structure [118]. They were usually compared in functions.

The small size is of advantage. First of all, a smaller size signifies high oral
bioavailability. (Although there is little to no oral EV immunotherapy, rdigkived EV
has been studied for oral administration [119].) Ong et al. [120] used griseofulvin as a
PRGHO GUXJ HQFDSVXODWHG E\ GLIITHUHQWOghhHV RI OLSFK
bioavailability was higher by approximately three times compared to larger liposomes

. QP OHDQZKLOH WKH VPDOOHU VL]H DOVR VLJQLILH
[121] modified liposomes with D-tocopheryl polyethylene glycol 1000 sucatie
(TPGS) to generate TPARPosomes of smaller sizes. As a result, after 7 days at 4C,
the size increment of the TPd&ifosome was less than the common liposome. And
after 28 days, the modified smaller liposome still could keep higher encapsulation
efficiency than the large more, common liposome.

Compared to exosomes, ApoBs have a wider range, which spans fnom 801000

nm. It is mainly because ApoBse lysed from apoptotic cells. So its size is uneven.
$FFRUGLQJ WR WKH FXUUHQW OLWHUDW X largeRiRVW RI1 $SR
may represent targeting macrophages because phagocytosis is regarded as the uptake

RI SDUWLFOHV ODUJHU WKDQ P> @ 7KLV WKHRU\ ZI
example, 1000 nrAiposomes could deliver the drug to rat alveolar macrophagtter

than smaller liposomes [123]. Only liposomes larger than 600 nm can lead to
mononuclear phagocytes secreting2lto induce the Thl immune response [124].

3.2Different surface molecules $SR%V KDRH SWWDMDDW XUHV

Apoptotic cells and ApoBs amestinedio be phagocyted by macrophages. They can

be recognized by a variety of receptors onsitméace of macrophages that can bind to

apoptotic surface ligands and phagocytosis is initiated. Apoptoticsadtices are
FKDUDFWHUL]JHG E\ GHFUHDVHG 3GRQfW HDW PH" PROHF
CD31[12# @ DQG RYHUHPHUBAMNKBYG G M xWiaeekcaDetcHitd O O

and exposed phosphatidylserine (Table 1 and Figure 5). These alteratiges trig
phagocytosis via macrophages, which then drives polarization to M2 phenotypes and
antrinflammatory signalling.

BUHVHQFH RU )
/ILIDQG &DWHJ 6LIJQD| 5SHFHSWIJ| 5HIHUHQ({
$SRY 09V H[RVR
3GR >
&' 1 ¥ ¥ S3URWH ,Qﬂ 6,53
PH @
3GR >
&' 1 ¥ ¥ SURWH ,Qﬂ &'
PH @
&DOUH . ~ .
¥ i i /ILSLG | HDPW | &' /53| > @
&57
36 ¥ 1 1 /ILSLG | CHDPWM'| & T & E| >
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Table 2.The molecules involved in the phagocytosis of ApoBs by macrophages

Figure 5. The molecules involved in the phagocytosipoB# by macrophages.

Among these signals, the exposed PS is the most wdey X G L-i PGl *NDWQ DO > @
When apoptosisccurs, PS will move from the inner leaflet of the plasma membrane

to the outer leaflet. By binding to the surface of phagocytes, after phagocyte recognition

and engulfment, antnflammatory signaling is triggered within these phagocytes.

By utliziing PSPHGLDWHXH *HWDWQDO WKHUH #fnggtedVHYHUDO
nanoparticles prepared 8WLOL]LQJ PDFURSKDJHYV DIILQLW\ WR
synthesized ApoBnimicking nanoparticles. This nanoparticle could externalize its

inner PS triggered by overexpressed matrix metalloproteinase 2 (MMP2)tumtbe

site. Once phagocytosed by macrophages, it releases cytotoxic drugs to kill the
macrophages and then damagettimor microenvironment. 2) Using PS, Kraynak et

al, [138] mimicked ApoBs by pisenting it in the context of a generic stromal cell
membrane from 3T3 fibroblasts. The-B$plemented particle is amtiflammatory

without the use of any other drugs. Moreover, they verified PS incorporation not only
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improves relative uptake by macrophages but also polarizesabephageto their
M2 phenotype.

Aside from for PS, calreticulifCRT), localized normally in the endoplasmic reticulum
lumen, is also transferred to the outer cell membrane where, along with PS, facilitates
phagocytosis [139].

3.3 Thepossible essence of phagooged ApoBs: anti-inflammation

As mentioned above, EVs play a similar role to their parental cells. In this situation,
ApoBs to some degree, function more similarly to their apoptotic parental cells rather
than live cells. Apoptotic cells in vivo are more on the -aftammatory side.
Apoptosis, which occurs every day, is regarded as an important way to maintain
homeostasis [140, 141]. Apoptosis is also known as a significant death pathway and
can trigger new cell development. Contrary to apoptosis, histiocytosis is characterized
as preinflammatory [142145)].

In the above chapter, DCs phagasgt ApoBs and then trigger the immunostimulatory
response. However, this reaction needs to be intervened in vitro. In other words,
naturally occurring apoptosis and phagocytosis triggersir@tammation responses.

The phagocytosis process of apoptotic matealso promotes intrinsic mechanisms
such as tissue growth and remodeling, regeneration and resolution of injury and
inflammation.

In tems of the apoptosimivolved antiinflammatory mechanism, at first, apoptosis,
especially caspasgependent apoptosis, is an immunologically silent form of cell death
[146]. Caspases regulates inflammation by acting on two opposing functions. By
catalyzing pro-inflammatory cytokine production, "inflammatory” caspases trigger
inflammation [147]. On the contrary, "apoptotic" caspases safeguard against the
triggering of inflammation by imposing a celeath form that withholds the release of
alarmins bydying cells and dictates the generation of -arftammatory mediators
[148]. A recent study also demonstrated the inducible caspassiated apoptotic
MSC exhibited stronger immunosuppressive properties than conventional MSC in vitro
[149]. Besides, aninflammatory caspase, exposB&, a typical signal on the surface

of the apoptotic cells, is a global immunosuppressive [150] andhdlatnmatory [151]
molecule.PSdependent ingestion of apoptotic cells promotes macropsegeting

TGF D QG Wldtidn ofihffammation [152, 153]. Also, itumors PS released

from tumorapoptotic cells polarizes Miike macrophage via the PSRTAT3-JMJD3

axis [135]. Based on this strong polarized effect by PS, in recent years, there have been
studies using PS liposomes to induce the M2 macrophage phenotydeb[]54

In addition, the posphagocytosis mechanism of the apoptotic cells has also been
summarized as 1) Nuclear receptors actively inhibit the formation @hflasnmatory
cytokines; and 2) Macrophages respond to the uptake of apoptotic cells/ ApoBs by
releasng anttinflammatory cytokines [146].
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4 Conclusion

To conclude exosomes, MVs and ApoBs have similar structures and modifiable
properties. The effect of exosomes and MVs vary more, ranging from
immunostimulation to immunosuppression, depending on the parental cell. But ApoBs
in vivo mainly exert immunosupessive functions. It is very clear that ApoBs target
professional and neprofessional phagocytes. Based on their immunosuppressive and
antrinflammatory properties, ApoBs are likely to have big potential in treating
autoimmunity and inflammation.

5 Acknowledgments

Figure 25 and graphical abstract were created by biorenderlodhe end, the authors
acknowledge the suggestions gotten from MD536 Advanced and Applied Immunology
course. This course is organized by Prof Matthew Dallas Griffin at University of
Galway.

6 Reference

1 5 +HJGH 3 3 5DR - %D\U\ DQG 6 9 .DYHUL
LQIHFWARQRWKHUD S\ LPW
0O ;LH : ;LRQJ = 6KH = & ‘HQ $ 6 $EGLUDKPDQ

'HQ ,PPXQRUHJXODWRU\ (HIHFWW\G R [ V8 WHPHOHDX@ DU 9H

,PPXQH §HRQWLHUV LQ ,PPXQRORIPPX

6 'HEV $ &RKHQ %WHKRVKNWLQE &KLPLQL 1 + +XQW
*UDX ,QWHUSOD\ RI H{IWUDFHOOXODU YHVLFOHV DQC

SDWKRIWOQRINKNVPLFD (W %tHRE@HK UDLO- B X$EMWHDF W V
M EEDJHQ

5 X ) ;LQJ 6 < :X DQG . :DWDEH ([WUDFHOOXOI
WDUJHWYV LQ FDQFHU 5HFHQW GH Y% ORSPHQWDI YR P

%LRSK\VLFD5HY4HEZY RQ &DQFHU

M EEFDQ
+ < 6XQ 6 %XUUROD - & :X DQG : 4 'LQJ ([WUDH
'HYHORSPHQW RI &DQFBWHKODWESRIWOQFVRXUQDO R
6FLHQFHYV LMPV
& 7KHU\ . : :LWZHU ( $LNDZD O - $OFDUD]

$QGULDQWVLWRKDLQD $ $QWRQLRPIWHKUDE &) $UFI

$\UH - 0 %DFK ' %DFKXUVNL + %DKDUYDQG /

%DXHU $ $ %D[WHU %BHBNEDZ $ %HGLQD =DYHF $
$ & %HUDUGL 3 %HUJHVH ( %LHAVRZLFE (%OHQNL
%RLODUG : %RLUHDX $ %RQJLRYDQOQL ) ( %RUUD\
© %UHDNHILHOG $ 0 %UHJOLR WRBN %U HOWID/Y R'Q 50

/I %URHNPDQ - ) %URREHEHHFND 3H WIXPK $ + %XFN

6 %XVDWWR ' %XVFKPDQQ % %XVVRODWL ( , %X]

18



INTRODUCTION

5 &DUWHU 6 &DUXVR / : &KDPOH\ < 7 &KDQJ & &
$ 5 &KLQ $ &OD\WRQ 6 3 &OHULFL $ &RFNV ( ¢
&RUGHLBLPOYD < &RXFK ) $ &RXPDQV % &R\OH 5
&ULDGR & 6FXRW]® 'DV $ 'DWWD &KDXGKXUL 3 'H &I
6DQWDQD 2 'H :HYHU + $ 'HO 3RUWLOOR 7 'HPDUF
'KRQGW ' 'L 9LJLR / & 'LHWHULFK 9 'ROR $ 3 'F
'RPLQLFL 0 5 'RXUDGR 7 '§DWWHGRQONV'XQPDQ 5 0
(LFKHQEHUJHU . (NVWURP 6&DOOCSMHG D8O RX\G\EW X& J MO
0 )DOBRQH] ) )DWLPD - ( %HHOKYBU)BRURWYVRQLW
JUH@®BWUDQG ) JULFNH * )XKUPDQQ9DEOHDEUEHOVYV
*DUGLQHU . *DUWQHU 5 *DXGLQ < 6 *KR % *LHEF
, *LXVWL ' & *REHUGKDQ $ *RUJHQV 6 0 *RUVNL
*URVV $ *XDOHU]JL * 1 *XSWD ' *XVWDIVRQ $ +DC
+DUULVRQ +$ +HHOQWWLL] $ ) +LOO ) + +RFKEHUJ
% +ROGHU + +ROWKRIHU % +RVVHLQNKDQL * +X
$ * ,EUDKLP 7 ,NH]X - 0 ,QDO O ,VLQ $ ,YDOR
-DFREVHQ 6 0 -D\ 0 -D\WHKDQGUDQJ*6-HQVRKQVRQ
"-RQHV $ -RQJ 7DRWPDPRYLF -XQJ 5 .DOOXUL 6 |,
< .DZDPXUD ( 7 .HOOHU ' .KDPDUL ( .KRP\DNRY
.LHUXOI . 3 .LP 7 .LVOLQJHU 0 .OLQJRERWN ' -
0 0 .RVDQRYLF $ ) .RYDFMWOEHUWN .6DPHDVHPDQQ
.UDXVH , 9 .XURFKNLQ * ' .XVXPD 6 .X\SHUV 6 /D
/ 5 /IDQJXLQR - /DQQLJDQ & /DVVHU / & /DXUHQ!
,EDQH] 6 /HGDYHHA < : ) /HH ' 6 /HPRV 0 /HQD
JHV]IF]\QVND , 7 /L . /LDR 6 ) /LEUHJWV ( /LJHW]
/LQH . /LQQHPDQQVWRQV $ /ORUHQWH & $ /RPEDL
JRULQF] - /RWYDOO - /RNHAWW 4 /& PRZINNRPVND
5 /XQDYDW 6 / ODDV + ODOKL $ ODUFLOOD - 0D
ODUWHRPRYD / -OXWOWLUQO & ODUWLQH] 9 5 ODUWLQ
6 ODWKLYDQDQ 0 ODXJHUL / . OFJLQQLW 0 - OFY
/| OHHKDQ , OHUWHQV 9 5 OLQFLDFFKL $ OROOHLI
ORUDMWMWUHVDQD - ORUKD\LP ) OXOOLHU 0 OXUI
OXVVDFN ' & OXWK . + O\EXUJK 7 1DMUDQD 0 1D
1IHMVXP & 1HBL1ZHXBAODQG / 1LPULFKWHU - 3 1RO
7 +RHQ 1 1RUHQ +RRWHQ / 2 GULVFROO 7 2 JUDG
0 20LYLHU $ 2UWL] / $ 2UWL] ;: 2VWHLNRHW[HD 2
- 3DUN ' 0 3HJWHO +W 3BILQIBGRIIQ 3HUX3IKLQQH\ %
3LHWHUV 5 & 3LQN ' 6 3LVHWVN\ ( 3RJJH 9RQ 6W
, . 3RRQ % + 3RZHOO , 3UDGD / 3XOOLDP 3 4XH
/ 5DIIDL 6 5DLPRQGR - 5DN 00, &DPRWBD *1 5DSR
SHIJHMXG]NL ) / S5LFNOHIV 3 ' S5REELQV ' ' S5REHUW
5RKGH 6 5RPH . 0 5RXVFKRS $ 5XJKHWWL $ ( 5X
( 6DO@RMQXOHR & 6DQFKH] - $ 6DXJVWDG 0 - 6DX

19



INTRODUCTION

6FKQHLGHU 7 + 6FKR\HQ $ 6FRWW ( 6KDKDM 6
6KHNDUL * 9 6KHONH $ . 6KHWW\ . 6KLED 3 5 6
6NRZURQHN 2 / 6Q\GHU QG 5 3 6RDUHV % : 6
6RWLOOR 3 'RRWDROHO &W/ 6WRWW ( ) 6WUDVVHU
O 7HzZzDUL . 7LPPV 6 7LZDUL 5 7L[HLUD O 7NDFK

$ & 7RUUHFLOKDV - 3 7RVDU 9 7R[DYLGLV / 8UE
%DONRP 6 * 9DQ 'HU XUHL® -- 9D +HUZLMQHQ

HXUHRVHQ * 9DQ 1LHO 0 ( 9DQ 5R\HQ $ - 9DC
9DVFRQFHORV , - 9HFKHWWL -U 7 ' 9HLW [/ - 9H
9HVWDG - / 9LQDV 7 9LVQRYLW] . :DWOXR®DQ@ - :DI
+ :DXEHQ $ :HDYHU - 3 :HEEHU 9 :HEHU $ 0 :HKF
$ :HOVK 6 :HQGW $ 0 :KHHORFN = :LHQHU / :L
'DJRUDUL 3 :DQGHU - ;BR; +<DQQO0 <<BRBDPD 9 =DSS:
- =DUXERMBDY = < =KDQJ = =KDR / =KHQJ $ 5 -

=LFNOHU 3 =LPPHUPDQQ $ 0O =LYNRY&QFUPD=RFFR I
OLQLPDO LQIRUPDWLRQ IRU VWXGLHV RI HITWUDFHOOX
SRVLWLRQ VWDWHPHQW RIRAKHWQRWHRHQOXWQRBRQ ®E VAR
XSGDWH RI WKH 0,6(9 - ([WDGAHH@WLQBYMVLFOHV

) &DSRQQHWWR , ODQLQL3DIOCSINUDS 'L /ROUHPDR $
%HOWUDPL ' &HVVHOOL GBHGBQGH)HW UPHQ O 6@ DH X
H[RVREEQRPHGLFLQH M QDQR

$ +RVKLQR + 6 .LP / %RMPDU . ( *\DQ 0 &LRIIL
=DPELULQLV * B5RGULJXHV + OROLQD 6 +HLVVHO
%HQAMMRWLQ 6 /XFRWWL $ 'L *LDQQDWDOH . 21l
:LOOLDPV / 1RJXHWWHWB 8 +DVKLPRWR $ ( 'DYLHV
0 .HQLILF < $UDUVR : %XHKULQJ 3 /DXULW]HQ <
7DNDKDVKL 0 $OHFNRYLF . $ %DLOH\ - 6 -ROLVVE
0 6FKDHIIHU #DO®MMRALD= BRWDOGDFRDQGUDQ < .KDNR
5DMX $ B6FKHU] , GBRXYDOBFKHWDUGHQ 0 2UHQ 0
0 3HWULFFLRQH . & 'H %UDJDQFD 0 'RQ]JHOOL &
‘ULJKW / *DQVKDZ 0 ODUUDQR $ $KPBIG+ -$'HVWHID
5RHKUO 1 - /DFD\R 7 & 9LQFHQW 0 5 :HLVHU 0
/ + :H[OHU 6 5 $PEDWL $ - &KRX ( . 60ORWNLQ 6
( 0 %DVX ' 'LRODLWL % $ .UDQW] ) &DUGRVR $ |
0 5X@GL' 0 6LPHRQH O -DLQ & 0 *KDMDU 6 . %D
%XL . $ %URZQ 9 . S5DMDVHNKDU - + +HDOH\ 0
BKHWK - %DLVFK 9 3DVFXDO 7 ( +HDWRQ 0 3 /D
BFKZDUW] + < =KDQEKXNODX / %ODYLHU < $ 'HFC
IDEDUJH 0 - %LVVHOO 7 & &DIIUH\ 3 0 *UDQGJHC
- %URPEHUJ 6%OYSIRVWD3HLQDGR < % .DQJ % $ *I
2 UHLOO\ ' .HOVHQ 7 0 7ULSSHWW -D%®QRILKVDQG5
' /\GHQ ([WUDFHOOXODU 9HVLFOH DQG 3DUWLFOH

20



INTRODUCTION

+XPDQ &D&KHEOV M FHOO

6LGKRP 3 2 2EL DQG $ 6DOHHP $ 5HYLHZ RI ([RVF
,V 6L]H ([FOXVLRQ &KURPDWRJQUWHK\QW WH RQQHDOW- R B W/
OROHFXODU 6FLHQFHWMPV

3 4LX - =KRX - =KDQJ < - 'RQJ DQG < /LX ([RVR
WKH ,PPXQH G6\VWHP)UR@WAEHIMWLVLQ 3KDUPDFRORJ
ISKDU

& 9LOOBBIORMDL ) %DL[DXOL 0 OLWWHDER XQQ |,
7JRUUDOED 2>RQRMMMR6 %DOGDQWD & (QULFK 6
6DQFBBIGULG ,6*\ODWLRQ FRQWUROV H[RVRPH VHI
O\WWRVRPDO GHJUDGDWLRI® VWRX UM % RPPRYHERWLRQV
QFRPPV
3 3HUULQ / -DQVVHQ + -DQVVHQ % 9DQ 'HQ %URF
(OVODQG , %HUOLQ DQG - 1HHIMHV 5HWURIXVLRQ |
SDUDOOHOV YLUDO LQIHFWLRQ D @& URLRHJ W % VY ROLRVK
M FXE
1D]DQLQ +RVK\DU 6DPDQWKD *UD\ +RQJELQ +DQ DQ
QDQRSDUWLFOH VL]H RQ LQ YLYR SKDUPDFRNLQHYV

IDQRPHGLFLQH QQP

< 7 <HK < - =KRX ' + =RX + J/LX + < <X + * [X
< : ODR DQG 0 7HUUR@GHDWHBD S\REOBMWHRQ RI ([WUI
9HVLFOHV ELPARQYHRQDO &DUERQ $BQR¥WSSEH HEJUD\
ODWHULDOV ,QWHUIDFHYV DFVDPL E

0 3 &KDR , / HLVVPDQ DQG65530mDIMIKWLS DWH ZBD\ L(

FDQFHU LPPXQH HYDVLRQ DQG SRWRERFWUDDSIWKHUD
,PPXQRO M FRL

( .RK ( - /HH * + 1DP < +RQJ ( &KR < <DQJ
((RVRBHB3IDOSKD D &' EORFNDGH LQFUHDVHV FDQF
%LRPDWHULDOV M ELRPDWHULDOV

6 .DPHUNDU 9 6 /HEOHX + B6XJLPRWR 6 <DQJ & )
/JHH DQG 5 ([R®BRHV IDFLOLWDWH WKHUDSHXWLF W
.5$6 LQ SDQFUHDMWXUAD QFHU QDWXUH

= : -LDQJ + 6XQ - ) <X : = 7LDQ DQG < 3 B6RQJ
FDQFHU LPPXQRWKEDDS\RI +HPDWRORJ\ 2QFROR

Vv z

0 7VFKXVFKNH , .RFKHURYD $ %U\MD 3 OR]G]LDN
-DQRZLF] 5 GB6LELDN.HPSIMRWURZVNENL ' %XNRZVN
$QWRVLN - $ BKLEOLRQZLQNNDHZDFE % .HPSLVW\ ¢
%LRIJHQHVLV 0HWIKRG WD ®RE &RIODLFDO $SSOLFDWLRQ
([RVRPH&OLQ OHG MFP

6 0 &ULYHOOL & *LRYDJQRQL = + =KX 3 7ULSDWI
- 3X / 3 =KDQJ % )HUNR ' %HUNHVODSUWL®ILVVLH
DOG ( %LHEHULFK )XQFWLRQ RI FHUDPLGH WUDQVI

21



INTRODUCTION

VSKLQJROLSLG FRPSRVLWLRQ-RRXUGDMOU REHQW XD BHOY
9HVLFOHYV MHY
* 9DQ 1LHO 6 &KDUULQ 6 6LPRHV 0 5RPDR / 5RFK]
( 5XELQVWHLQ DQG * 5DSRVR 7KH 7HWUDVSDQLQ
,QGHSHQGHE®WHOD®BQW (QGRVRPDO BRUWLQJ GXULC
'HYHORSPHQWDO &HOO M GHYFHO
+ 6XDUH] = $QGUHX & OD]]HR 59 YHRUDLE&R/RSSH] 3F
ODUWLQ 66L@WEFLB +XUWDGR ( ORUDWR / 3HODH]
7ROH@WRUQH] * *RPHUHGD ODULQD + 3HLQDGR DQGC
OR &' LQKLELWDRIXQMHWHD®NYO FRQQHFWLRQ RI H[W
VHFUHWLRQ ZLWK PLWRSK®XUQQROPRO D[@QRMAIF IFE ORED L
MHY
% - &UHQVKDZ 6 .XPDU & 5 %HOO / % -RQHV
6DOGDQKD 6 -RVKL 5 6DKX % 6LPV DQG 4 / ODW
WKH %LRJHQHVLV DQG &RPISRMVLMG R QRRREBIFIURJIOLD
% DVHO ELRORJ\
© 1 -LD < 4 <LQ < : &KHQ DQG / : ODR 7KH 5ROF
WKH 5HIJXODWLRQ RI ([RVROWY HWVRIBQ&HNWQBXODU DC
OLFURELRORJ\ IFLPE
6 3 /L = ; /LQDQJ<DQG ; < <X (RRIR®DD DU R
VIQWKHWLP H{RMR PN SRW H QW L $PWW K3HDOUFHDXAR IOFR WL
6LQLFD DSV
$ /| 6WDKO . -RKDQVVRQ 0 ORVVEHUJ 5 .DKQ DQGC
DQG PLFURYHVLFOHV LQ QRUPDO SK\VLRORJ\ SDWKF
3HGLDWULF 1HSKURORJ\ V ]
) 7HQJ DQG 0 )XVVHQHJIIJHU 6KHGGLQJ /LJKW RQ
%LRJHQHVLVY DQG % BRH@GFLQH HHILLQX

DGYV
5 .DNDUOD - +XU < - .LP - .LP DQGHULY&HKZDH !
HIRVRPHVY PHVVDJHYV ([SRIRICPHQWBBOIMDYG OROHFXODL

Vv
0 %DWWLVWHOOL DQG ( )DOFLHUL $SRSWRWLF %
O9HVLFOHYVY ,QYROYHG LQ ,QWHALRHIORIX O BolD V&HRIP P X QLF

ELRORJ\
* BHUUBQRY ODURWR % REMVHWVWUR &DUULRQ $ % G
ORUDWDOOD - *UDFLD 6 )BUQ@BOQGH ] )*DHHRIOQHL @G H ]

$\RODUWLQ DQG 7 6HJIJXUD ,VRODWLRQ DQG 4XDQWI

%RGLHV LDYIRVQARRO WR (YDOXDWH $SRSWRVLV LQ 3D

6WURNH DQG 1HXURGHIHRIORDWHDIYGI SIWNRFBNGKWHYV 2QC
Vv

, .+ 3RRQ 0 $ ) 3DUNHV BGPULUWRIS* 7L[BWNLQ& '

*UHJRU\ ' & 2]NRFDN 6 ) 5XWWHU 6 &DUXVR - 3

6KL $ / +RGJH 0 ' +XOHWW - ' < &KRZ 7 . 3KD

22



INTRODUCTION

ORYLQJ EH\RQG VL]H DQG SKRVSKDWLG\OVHULQH H[S!
RI DSRSWRBWUEYHGEOAB[WUDFHOO XQDPW UDHFVHIOF® M VILE Ov

- & $NHUV ' *RQGD 5 .LP % 6 &DUWHU DQG &
HIWUDFHOOXODU YHVLFOHV (9 H[FOVLRHHVHYLFORYH
DQG DSRSWRWHKERRBQHRO \%

/| -LDQJ 6 3DRQH 6 &BPXWR 7 . S$WDQQO ' +XOHW:
, . + 3RRQ 'HWHUPLQLQJ WKH FRQWHQWYV DQG FHO
IORZ F\WBPHMQWLILF 5HSRUWW ]

+ 6 .LP ' < &KRL 6 - <XQ 6 0 &KRL - : .DQJ -
3 .LP DQG ' : .LP 3URWHRPLF $QDO\VLV RI OLFUR
+XPDQ OHVHQFK\PDORBWEP & ROGBYRWHRPH 5HVHDUFK
su ]

$ 6WDFKXUVND 0 'RUPDQ - *IRDQD® " 7WAEXV 0DQG
- )DELMODLQMND 6HOHFWHG &' PROHFXOHV DQG Wk
PLFURYHVLFOHY UHOHDVHG 9RRBDHUWLIQURF\WHYV H[
YR]
) %DWWLVWL & 1DSROHWDQR + 5 .RVKNDNL ) 9%H!
6 3DOFKHWWL ) %HOODWL 3 % 3DQLFL 0 5 7RUU
1XWL DQG $ 5XJKHWYHG DXFRBYHVLFOHV ORGXODWF
3URFHWWQUHDFWLYH @ GHIMWHSHBOMWWDOLQL]DWLRQ R
FRPSDUWPHQW LQ 'BORQUWWHEYV FHQOV.PPXQRORJ\
ILPPX
0 'LRQLVL & 'H $UFKDQJHOLV ) %DWWLVWL + 5 .
=L]]DUL / 5XVFLWR & $OEDQR $ 'L )LOLSSR 0 5
1IDSROHWDQR 0 1XWL DOKUS Y 5G] KHMURL HAXFROWH YV (G
&URMYRFHVVDQW\$RL &OLQLFDO *UDQEMROMQGUNWLE !
,PPXQRORJ\ ILPPX
/] /L - < /L * / :LH B@RPHV BHOHDVHG JURP +X
%RQH ODHURYHG OHVHQFK\PDO 6WHP &HMEO0\EBWWHQXD
+RVW 'LVHDVH $IWHU $OORJHQHLF +HPDWRSRLHWLF
OLFH)URQWLHUV LQ &HOO DQG 'HYHORSPHQWD

IFHOO
© + 7LDQ : 0 :HL < &DR 7 5 $R ) +XDQJ 5 -DYH
)DQ < + =KDQJ < < /LX / - /DL DQG 4 $R *LQJLY

FHGBULYHG H[RVRPHV DUH LPPXQRVXSBQEXYWFHGH LQ
DUWKURXML@DO RI &HOOXODU DQG OROHFXODU OHG
MFPP
0 5LD]LIDU 0 5 ORKDPPDGL ( - 3RQH $ <HUL & |
/ | OFLQW\UH * 9 6KHONH ( +XWFKLQV $ +DPDF
&UHVFLWHOOL : % /LDR 9 3KDP < 1 <LQ - -DUDU
‘DOVK . 9DQ-HHDVHHQ - /RWYDOO DQG'HWLY+KDR 6W
([RVRPHV DV 1DQRWKHUDSHXWLFV IRU $XWRLPPXQ
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'LVRUGAYMDQR DFVQDQR E
6 $UDQGMHORYLF DQG . 6 5DYLFKDQGUDQ 3KDJRF
KRPHRVMDOWXWH ,PPXQRORJ\ QL

- /LX ; 4LX < /Y & =KHQJ < 'RQJ * 'RX % =KX $
=KRX 6 /LX 6 /LX % *DR DQG < -LQ $SRSWRWL
PHVHQFK\PDO VWHP FHOOV SURPRWH FXWDQHRXV ZR
IXQFWLRQV RI BWWHPREKDIHBHYV 7KHU Vv

z
, +XV - S5ROLQVNL - 7DEDUNLHZXICN. -:RMBIV QHU%RI
*LDQQRSRXORV $ 'PRV]\QVND DQG 0 6FKPLWW $C
SXOVHG ZLWK WXPRU O\WDWHV RU DSRSWRWLF ERGL
ZLWK MDVDTHOOFKURQLF O\PSKRFAWWHPOBXNHPLD

VM OHX

/] 4LDR 6 4 +X . +XDQJ 7 6X = + /L $ 9DQGHUJ
'LQK 7 $OOHQ ' / B6KHQ + : /LDQJ < - /L DOQG
GHULYHG H[RVRPHV KRPH WR WKHLU FHOOV Rl RULJL(
WR GHOLYGHUXBFROHUFBIQRVWLFV WKQR
<RQ-LDQJ /IKRQYD:X 0UM:DQJ WRQIXLQBDL DQG
'D;LRQJ :LDQJ *HPFLWDELQH ORDGHG DXWRORJRXV
VDIH FKHPRWKHUDS\ RI $B@PUHILRPPD WHLQPKUW D

M DFWELR
- :DQJ : /L = & /X /| & =KDQJ < +X 4 % /L : 'X
LD DQG % ) /LX TKQUXQHHUHMG H[RVRPHV IRU HQKDC
DELOLW\ DQG VV\QHUJLVWLF WIOHQRNVFDWRZDUG DQJLR

F QU D

< - /LDQJ / 'XDQ - 3 /X DQG - ;LD (QJLQHHULQJ
GUXJ GHKHYUHDQRVWLFV WKQR
7 ' &OHPRQV 5 6LQJEKBHXGRKDRQO® AXEEDUG DQG
'LVWLQFWLRQ %HWZHHQ $FWLYH DQG 3DVVLYH 7DUJ
7KHLU 2YHUDOO 7KHUDBS®XRKLA (IILFDF)\

DFV ODQJPXLU E
$ ODWVXPRWR < 7DNDKDVKL 0 1LVKLNDZD . 6D
&KDURHQYLUL\DNXO + 6DML DQG < 7DNDNXUD 5]
'HULYHG 1HJDWLYH 6XUIDFH &KDUJHV LQ WKH 5HF
,QWUDYHQRXVO\ ,IWHFWE G[®BV BEFAVRSKRXJIHDO R
3KDUPDFHXWLFDO 6FLHQFHV M [SKV
$ ODWVXPRWR < 7DNDKDVKL + < &KDQJ < : :X $ <
DQG < 7DNDNXUD %ORRG FRQFHQWUDWLRQV RI VP
GHWHUPLQHG E\ D EDODQFH EHWZHHQ DEXQGDQW \
_-RXUQDO RI ([WUDFHOOXODU 9HVLFOHYV
6 +LOWEUXQQHU 3 /DUVVH@UDYRGK .0 :DIJQBUWQL Q&
., .DUOVVRQ DQG 6 *DEULHOVVRQ ([RVRPDO FD
LQGHSHQGHQW Rl 0+& PRQBFROHW RKWH[RVRPHYV
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RQFRWDUJHW
4 6 7DQJ 6 <DQJ * 3 +H + < =KHQJ 6 =KDQJ -
)DQ : 4 3HQJ : < /L ' : =KDQJ / <D@HUDQIG+ < .
H[RVRPHV LQ WKH FDQFHU LPPXQH PLFURHQYLURQPH
&DQFHU /HWWHUV M FDQOHW
< :DQJ = ;X 6 *XR / =KDQJ $ 6KDUPD * 3 5REHU
,QWUDYHQRXV GHOLYHU\ RI VL51$%$ WDUJHWLQJ &' H!
WXPRU JURZWK DQG OORX PHHNDVWDVLV

PW
< - 3LDR 6 + <RRQ + 6 .LP : . ORRQ DQG : +D
LPPXQRWKHUDS\ EDVHG RQ GHQGULWLGFHBHDIOE VWL
H[RVRPHV LQ D V\QJHQHLF EUHBVYWFKXPLRUN PR O\QHG
%LRSK\VLFV 5HSRUWVM EEUHS

+ /LX / &KHQ - /LX + OHQJ 5 =KDQJ / 0D / :X 6
/ =KDQJ / :DQJ 6 )HQJ 4 =KDQJ < 3HQJ 4 :X &

<DQJ < 8HPXUD : <X ®HGGLYHWLXRHUAXPRBUH[RVRPHYV
ZLWK DDOOSBRBWRWYLEHH RQ G HEDG/WHIGN ILIP PRKHOARAV K H U D S\

JOLREOBDWRRD /HWW M FDQOHW

- =KRX : /| &KHQ < =KRX 6 B6KL & /LDQJ : - <X

< : =KDQJ 3 : /LX & /L < & &KX < ) IXR < :DQJ
=KDR 4 - &KHQ 7 6XQ DQG & -LDQJ ([RVRP

LPPXQRJHQLFDOO\ @\DYJDWXPRUWDWHOB® WRRO IRU YDI
SDQFUHDWAERPD@FHWLDOY M ELRPDWHULDOV

0 ORULVKLWD < 7DNDKDVKL $ ODWVXPRWR 0 1LV
([RVREBVHG WXPRDGDQ@WIGHOQMR U\ XWLOL]JLQJ JHQ
HQJLQHHUHGGWXPRMGFHRWVRPHY ZLWK LPPXQRVWLPX
%LRPDWHULDOV M ELRPDWHULDOV

3 :DQJ + :DQJ 4 +XDQJ & 3HQJ / <DR + &KHQ = .
DQG : &KRQYRPHV IWBRODUL]JHG ODFURSKDJHV (QKDQF
$QWLWXPRU S$FWLYLW\ E\ $PWGCYDWHGJ) ,QDEDRBRD/L
7KHUDQRVWLFV WKQR

( / <DQJ : :DQJ = < *RQJ 0 <X + : :X DQG' 6 =K
PHGLDWHG PHWSLERRODPPLQJ WKH HPHUJLQJ URC
PLFURHQYLURQPHQW UHPRGHOLQJ DQG 6LWgDL®IOXHC
7UDQVGXFWLRQ DQG 7DUJHWH® 7KHUDS\

9 5 'D&RVWD 5 3 $UDOGL + 9LJHUHOOL ) 'DPHOL

% 3ROLFLTXLR *DBD&ROR]PDOYHUGH DQG , .HUNLV

LQ WKH 7XPRU OLFURHQYLURQPHQW )URPHB®BORORJI\ W
FHOOV

= 0 -LDQJ < 0 =KDQJ < =KDQJ = . -LD = * =KBD

&DQFHU GHULYHG H[RVRPHV LQGXFH PDFURSKDJ
SRODUL]DWLRQ WR SURPRW H &HIING & RPPKDQ F B W LSRR .
6LIJQDOLQJ v
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& |/ /L & : /L & & =KL : - /LDQJ : :DQJ ; &KHQ
< BRQJ ' /LQ DQG + % /LX &OUQHABOHWMLRQLEDQ
VHUBPULYHG H[RVRPHV L@ XB&MEOSRWLHIRQMODWLRQD !
v
0 &RUGRQQLHU & 1DUGLQ * &KDQWHORXS 9 'HU
$UQRXOG & *DUULGR ) $XELQ DQG - *REER 7UL
FLUFXODWLQ3 /H[RARRFIRDLWRU PHODRRBODOSDWLHQ\
(IWUDFHOOXODU 9HVLFOHYV
< % )DQ : ) &KH - / 4X . = +RX 7 HQ = /L & |/
< 3 /LX DQG ; - 4X /([RARBD@V3PPXQRVXSSUHVVLY]
DQG LV $VVRFLDWHG ZLWK $QQW 0 VFRE B EH UFDWOR I QRK
v
* &KHQ $ & +XDQJ : =KDQJ * =KDQJ 0 :X : :X =
'DQJ + 6XQ + ;LD 4 0DQ : =KRQJ / ) $QWHOR %
JLX / *XDQ 7 /L 6 /LX 5 <DQJ < /X | 'RQJ 6
BRPDVXQGDUDP 5 B5DGKDNWLYKR®DQ .LP < + &KHQ +
< =KDR * & .DUDNRXVLV 7 & OLWFKHOO / 0 6FK
'KHUU\ ; :X DQG : *XR ([RVREDMULEXWHV W
LPPXQRVXSSUHVVLRQ DQG3'V DMVREDBMMHE ZLWK DQ
Vv
- &KHQ < 6RQJ ) OLDR * &KHQ < - =KX 1 :X [ :
DQG ;: ) &KHOQRWMLWLYH H[RVRPHV VXSSUHVV DQWLW
LQGXFLQY SWFRRIF &' 7 FHOO H[KDXVEML@FHGXULQJ
6FLHQFH FDV
% 7 OD\EUXFN / : 31DQ QHR@WMLHO DQGL®] 5 *DVW
7XPRAHULYHG H[RVRPHV LQGXFH &' -RXU @FM®DARWVXS S
,PPXQRWKHUDS\ Rl &DQFHU
& + /HH - + %DH ( - &KRH - 0 3DUN 6 6 3DUN
DQG 0 & %DHN ODFLWHQWDQ LPSURYHV DQWLWX
LQKLELWLQJ WKH VHIUHWHEHRQ HRWUBEXPRO®XODU Y H\
7KHUDQRVWLFV WKQR
-/ &KDQ . & 7DQJ $ 3 3DWHO / 0 %RQLOOD 1
DQG 3 5DPHVKZOUHBOAWIHQ SURSHUW\ RI PHVHQFK
REFFXUV GXULQJ D QDUURZ ZLQGRZPPE MRZGOHYHOV R
EORRG
0 0 'XII\ 7 5LWWHU 5 &HUHGLJ DQG 0 ' *ULIILQ
HITHFW W RGO 7THITHFW RBW IS VE KDID\VSHVHDUFK  7KHUD

VFUW
( .O\XVKQHQNRYD - ' ORVFD 9 =HUQHWNLQD O
"¢ 6LPRQHWWL 5 - 'HDQV DQG . 5 OFLQWRVK 7 FF

KXPDQ PHVHQFK\PDO VWHP FHOOV LPPXQRJHQLFLW\
-RXUQDO RI %LRPHGLFDO 6FLHQFH
$ - 1DXWD * HVWHUKXLV $ % .UXLVVHOEULQN (
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DQG : ( )LEEBHWQYPRWG PHVHQFK\PDO VWHP FHOOV D
DQ DOORJHQHLF KRVW DQG VWLPXODWH GRQRU JUD
VHW W% DRR G EORRG

% =KDQJ 5 : < <HR 5 & /DL ( : . BLP . & &KLQ
OHVHQFK\PDO VWURPPBQKDQGBGH [RFRMEED \SBEGXFWLR (
WKURXJK DRUB§WQ IMHHIEL B WO G &S WWXBI\UD S\

M MF\W

- 1 +H = : 'RQJ < 1 &DR + :DQJ 6 < /LX [/ /LDR
DQG % /L'HWB& HG ([RVRPH 3URPRWHV 0 3RODUL]DW
&XWDQHRXV :RXQG6WHMOKPHOOV ,QWHUQDWLRQL

6 /HH 6 .LP + &KXQJ - + ORRQ 6 - .DQJ DQG & *
VWHPGHOOYHG H[RVRPHV VXSSUHVV SUROLIHUDWLRQ
F\FOH DUUHVW WKURXJK S PNXICER GRGIN /M IWMIBDOV Q J

M LPOHW
6 )XMLL < OLXUD $ )XMLVKLUR 7 6KLQGR < 6KLPI
7DNDRWQIGR 7 ,FKLQRKH DQG 9H UODORXND Z'DV H D B HW
$PHOLRUDWLRQ E\ +XPDQ %RQH ODUURZ OHVHQFK\P
'HULYHG ([WUDFHOOXOALDWHGLEOWYK 3AHYVSKHUDO 3U
1DLYH 7 &HOO 8WSIRODHINOLARQ V VWHP
6 &RVHQ]D . 7RXSHW O0&ODXFRUG 32U GBQR
"-RUJHQVHQ DQG ' 1RHO 0H3HHUQFHKAB DH RAWRHP \F DOV
LPPXQRVXSSUHVVLYH WKDQ PLFURSDKMUBQRVWIQFVQI

WKQR

< 7 /L ; - 5HQ = + =KDQJ < $ 'XDQ + /L 6 &KHC
DQG ; 0 =KDQJ (IIHFW RI VPDOO H[WUDFHOOXODU
RYHUH[SUHVVLQJ PHVHQFK\PDO VWHP FHOOV RQ H[SI
BWHP &HOO 5HVHDUFK 7KHUDS\
+ /L = + =KDQJ < 7 /L / SKD®@J1- 'XDRQ +7 : 1L
5 /L DQG ; 0 =KDQJ 7KHUDSHXWRDB G(HIG Fo® DRIO5D ¢
(IWUDFHOOXODU 9HVLFOHV 'HULYHG IURP OHVHQFK\PI

$XWRLPPXQH SYBIR YWV H UV LQ ,PPXQRORJ\
ILPPX
< 6XQ & + +XR = 4DR = 6KDQJ $ 8]]DPDQ 6 /LX

/] < -L ; *XDQ & ; &DR DQG + :LDR &RPSDUDWLYF
([RVRPHV DQG OLFURYHVLFOHV LQ +XRXQ QGBD®LRID IR
3URWHRPH 5HVHDUFK DFV MSURWHRPH E

6 3HGHUVHQ . 3 -HQVHQ % +RQRUH 6 5 .ULVWHC
6]JHMQLXN 5 * ODOWHVHQ DQG 8 )DONPHU &LUF:
H[RVRPHV LQ VPDOO FHOO OXQJ FDQEZBUQEFDXDQW
3URWHRPLFV v

* 3DOPLVDQR 6 6 -HQVHQ 0 & /H %LKDQ - /DLQH
DQG 0 5 /DUVHQ &KDUDFWNKH®VWLRQRRHUHPEMYD Q
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&\W R NWQLP X O D YHHGEO E H8WDR. QJ 3URW HRRPAHNX OWUDWH J |
&HOOXODU 3URWHRPLFV PFS 0

0 5 ORKDPPDGL 0 5LD]JLIDU ( - 3RQHQWHEHWEL . 9l
/IDVVHU - /RWYDOO DQG : $ =KDR ,VRODWLRQ
PLFURYHVLFOHV IURP PHVHOWWWRGE VWHP FHOOV

M \PHWK

© 4 :X 7 = <DQ = : :DQJ : :X * + &DR & =KDQJ
- 3 :DQJ YHNWROHV GHULYHG IURP KXPDQ :KDUWRQ
VWURPDO FHOOV PLWULHB W XWQRDOLOWPKHPLQ UDWYV
GHDWK UHQDW MRED@MDSORNBHOOXODU %LRFKHPLVWU

MFE
7 'X * 4 -X - =KRX / =KRQJ / 5RQJ : ; &KHQ ;
=KRX ' * 'LQJ DQG 7 < -L OLFURYHVLFOHV GHULY

FRUG PHVHQFK\PH SURPRWH 0 PDFURSKDJH SRODUL
ILEURVLV IROORZDHFSRPW DO G&HSDWRFPWB JURZWI
&HOO Vv ]
' 9GRYHQNR & %DOEL ' 'L 6LOYHVWUH * 3DVVLJQ
=DU®MQNRYLF 3 0ODXUL * * &DPLFL 7 ) /XVFKHU
9DVVDOOL OLFURYHVLFOHV UHOHDVHG IURP DFWL
PLFURYDVFXODU HIQX®FWOROQRDOD FHRXUQDO RI &O
,QYHVWLJDWLRQ HFL
, 6KHIOHU 3 6DOMKMIRIQHY BHYVIRU $ < +HUVKNR DQG
OLFUR51$ UHJXODWHY PDVW FHO®URNW GYMLFURY HY L7F|
_-RXUQDO RI $00HUJ\ DQG &OLQLFDO ,PPXQRO
M MDFL
/ OXOOHU $ 7XQJHU 0 :REXV 0 9RQ %RQLQ 5 7RZ
'D]]JL 5 :HKQHU DQG 0 6FKPLW] ,PPXQRPRGXOD!
OHVHQFK\PDO 6WURP D O) &RI@\W \& HXRO 8'$IFDWIHR O

IFHOO
- /ILFKWQHNHUW 7 .DZDNDPL : & 3DUNV DQG -
PDFURSKDJH SKHQRW\SH DV W K&XURP XKIHY UBH\DSJRPD\FHR (
M FRSK
' 0 ORVVHU . +DPLG]DGHK DQG 5 *RQFDOYHV O
PDLQWHQDQFH RI &KFRORHRYRMDVIRPXQRO
Vv

& OD < ;LD 4 <DQJ DQG < =KDR 7KH FRQWULEXYV
V\VWHPLF OXSXV H & ONLKQH P D WHRVXK O

M FOLP
$ *DOOHX 9DWIAH & 7UHQWR & /RPDV / 'ROFHWWI
9RQ %RQLQ / %DUELHUL . +DODL 6 :DUG / :HQ
JRPEDUGL ) 0 :DWW . 2UFKDUG ' , ODUNV - $SSH

‘DOF]DN & %EQQOHMWW BHYRSWRVLV LQ PHVHQFK\PDO
LQGXFHV LQ YPMRE LLDHFH S LIHRPX GR P RREDQNV\T LRHG
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VFLWUDQVOPHG DDP

6 + 0 3DQJ - ' UR]JDULR 6 OHQGRQFD 7 %KXYDQ
$ +LVDQD * :DOOLV $ %DUXJDKDUH ' 3RZHOO - ¢
* 'HZVRQ ' & 6 +XDQJ ' + ' *UD\ DQG 7 6 3 +H¢
VWURPDO FHOWHDRRSM®RVRY MWWKHLULWWHIRSPXWLF |X

v

© +H : +RQJ - <DQJ + /HL 7 IX & +H = %L : 3DC
‘DQJ & +XDQJ + 'HQJ DQG : :HL 6SRQWDQHRXV
WKHUDSHXWLF VWHP FHOO SUHSDUDWLRQ H[HUW LF
UHOHDVH RI SKRASKDWOGYODKWIGXFW 7DUJHW 7KHU

v ]
& =KHQJ % 6XL ; =KDQJ - +X - &KHQ - /LX " :X
4LX 6 /LX = 'HQJ - =KRX 6 /LX 6 6KL DQG < -l

UHVWRUH OLYHU PDFURSKDJH KRPHRVWDMMLNFW & CFR X
9HVLFOHVH MHY
3 .RNKDHL 0 5 5H]YDQ\ / 9LUYLQJ $ &KRXGKXU\ +
DQG + OHOOVWHGW 'HQGULWLF FHOOV ORDGHG ZLW
VWURGHOW 7UHVSRQVH WKP®R XGUH & CERULIEBH/K INKEHRAL (D
VM OHX
) (EVWHLQ & 6DSHGH 3 - 5R3RUVURQDUF% D& ENLHX[L
&HOOHULQ * 'DERXLV DQG 0 *UHJRLUH &\WRWR]JL
PHVRWKHOLRPD E\SRORBW RMHFEEH NDFD OHRXW QDO R
5HVSLUDWRU\ DQG &ULWLFDO &DUH OHGLFLQH
UFFP 2&
= &KHQ 7 OR\DQD $ 6D[HQD 5 :DUULQJWRQ = & -I
DOQWLWXPRU LPPXQLW\ GHULYHG IURP PDWXUDWLRC
SKDJRF\WRVHG DSRSWR W LFWHURURMWLEQW ® P-lRX FOID® '
LMF
1 'HOLUH]K 6 0 ORD]J]JHQL ) B6KRNUL 0 $ G6KRNUJ
.RNKDHL $XWRORJRXV GHQGULWLF FHOOV ORDGHG Z
FHP®OGLDWHG LPPXQH UHVSRQVHV DJREHDOMXODWHD V'
,PPXQRORJ\ M FHOOLPP
6 3DUDPHVZDUDQ O .KDOLO . $ $KPHG 5 . G6KC
(OKDQFHG SURWHFWLYH LPPXQLW\ GHULYHG IURP GH
RI & OLJDQG MQUDQWHUMKE DSRSWRWLF WXPRU FH

GHQGULWLF FHRPRROWRXDWDRQ W M
" 2FDGOLNRYD ) .U\XNRY . OROORYD / .RYDURY

ODWHMNRYD 0 3HQND 7 %XFKOHU 5 +DMHN DQG
P\HORWPIHFLILF 7 FHOOV XVLQJ GHQGDOWLK7EFHOOV OR
GULYHG QRQDSHSWD®HD SIS \F RHMDERSGRNER B V

QHRB B B
3 .RNKDHL $ &KRXGKXU\ 5 ODKGLDQ - /XQGLQ $
DQOG + OHOOVWHGW $SRSWRWLF WXPRU FHOOV DUH
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WXPRU FHOO 51$ LQ LOQGXFWLRQ RIEDXWRORBRXV 7 FH
VM OHX

' +LUD\DPD 7 ,LGD DQG + 1DNDVH 7KH 3KDJRF\WLF
(QIRUFLQJ ,QQDWH ,PPXQLW)\ D@MBH LD/ HR-QFDFRCH RR/XWD
OROHFXODU 6FLHQFHWMPYV

6 * .LDPD / &RFKDQG / .DUOVVRQ / 3 1LFRG DQ
SKDJRF\WLF DFWLYLW\ GIQUKXR G QG A RGREMDIO FRIO OV
$HURVRO OHSRNL®HRQ &OHDUDQFH DQG (IIHFWV LQ

= %XGDL /1BMODNN .LV 0 $QWDO & %WDQNR = %DF
DQG = 6DUDQJ ODFURSKDJHV HQJXOI DSRSWRWLF DC
WKURXJK VLPLODU SHIRSHSKX®OMNAVW\DNBKNLDDEVEO VLR

- 6KNORYHU$GDPHYD\QG ( .XUDQW $SRSWRWLF &HC
'"HYHORSPHLQIW/RS 'HY LRO EV FWGE
+ $ *ROSRQ 9 $ )DGRN6WH/DDIUDNHY LEEHQEDYLFLXYV
7 HOWH 3 0 +HQVRQ DQG 1 ) 9RHONHO /LIH DI
SKDJRF\WRVLV RI DSRSWRWLF FHOOV OHDSMBNR 9(*)
-RXUQDO M IMH
3 6 &HUUL 2VWHREODVWY HQJXOI DSRSWRWLF ERGL
LQ WKH UDWIPDRIPQAGEDO 5HNRBE HBORKWHBRXQODU &HOOXO
DQG (YROXWLRQDU\ %LRORJ\ DU D
& . %YURFN 6 7 :DOOLQ 2 ( 5XL] . O 6DPPV $ 0D
DQG * 7 (LVHQKRIIHU 6WHP FHOO SUROLIHUDWLRQ
I[URP G\LQJ FHOOV GXULQJ HSLWWHKOHDIR WRXY XHDWLIR
Vv
+ ' 5\RR 7 *RUHQF DQG + 6WHOOHU $SRSWRWLF FI
FHOO SUROLIHUDWLRQ WKURXJK WKH -1. DQG WKH
'"HYHORSPHQWDO &HOO M GHYFHO
$ 7DIKLNKDQL = 0 +DVVDQ O (EUDKLPL DQG 6 O
PRGLILHGGWXPRHG H[RVRPHV DV QRYHO WRROV IRU |
FHOXUQDO RI &HOOXODU 3K\VLRORMFS
/| &HUQHN / 3HF]JHN DQG 0 'XFKOHU 6PDOO ([WUD
ZLWK ,PPXQRVXSSUHVVLYH PL51%$V /HDGV WR DQ ,Qk
ODWXUDBWERDRYXP ,PPXQRORJLDH (W 7KHUDSLDH ([SH
Vv

/ILX 0 2WD 0 7DEXVKL < 7DNDKDVKL DQG < 7DN

DOOHUJLF UKLQLWLY LPPXOQORW&HGDSPDO/Q QR [VD QDAL

YHVLFOHRKXUQDO Rl &RQWUROOHG S5HOHDVH
M MFRQUHO
7 7 7DQJ [/ I IY % :DQJ - < &DR < )YHQJ = [ /L ¢

< :HQ [/ 7 =KRX + ) 1L 3 6 &KHQ 1 *X 6 ' &URZ
(PSOR\LQJ ODFHRISKHDG@H LFURY HVAFOIH WRHG. LIBQIEMH U\ F
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'"H[DPHWKDVRQH $Q (IILFLHQW 7KHUDSHXWLF 6WUDW |
DQG )LEAKRHMWUIDQRVWLFV WKQR

6 $ 'XVRVZD 6 . +RUUHYRUWVYV 0 $PEURVLQL +
1LHXZODQG 0 ' 3HIJWHO 7 XUGLQJHWDOOB®ORRR\N
*O\FDQ PRGLILFDWLRQHRILYE GREPMDYMWRFIDOXODU YHV
UHFHBM®&RUD WWE QVDRJIJE H Q-RXIUW IDFO FRIIO(PW UDFHO O XOD L

=KDQJ / 1JR 6 & + 7VDR ' % /LX DQG < / :DQJ
'HULYHG 6PDOO ([WURSROBRADUMEIHVAFABLYHU\ 6\V\
7DUJHWHG 7UHDWPHORVRIS30HBE W BWOFHDOV ,QWH L

DFVDPL F

.DQJ < - =KDQJ : ; =KRX < <X 1 + =KX - &KHC
X +\EULG ([WUDFHOGR®BB HW \RIDFRIMODIHG 0DIJQHWI
&RRSHUDWLQJ ZLWK %LRRUWKRJRIQE OHEON M GBERPWD
&LUFXODWLQJ 70QRRFKEHOM®OFHG +HDOWKFDUH 0D

DGKP
- :DQJ 0 7 =KX DQG * - 10DV HGEL RMHRBUNDUE W X U
FDQFHU WDUJHWLQJ DQG WKHUDS\ )URP V\QWKH
ELRPHPEUDQHV DQIGY PHGEWOQBOHG 'UXJ 'HOLYHU\ 5HY
M DGGU

JLQIJMXQ 7RQJ +DLQLQJ +DR :LQ\L =KDQJ =KH =KD
=KDQJ DQG +XD[L <L 2UDO $GPLQLWWUPMGARQ R
((IWUDFHOOXODU 9HVLFOHV $OWHUV WKH *XW OLFUF
,PPXQLW\ LQROWHAXODU QXWULWLRQ HWRRG UHVHDUI

PQIU
6 * 0 2QJ / & OLQJ . 6 /HH DQG . + <XHQ ¢«
(QFDSVXODWLRQ (IILFLHQF\ DQG 6L]H RI /LSRVRPH R«
*ULVHRV/ROGHBG JLSRVRBHBUPDFHXWLFV

SKDUPDFHXWLFV
0 $ )DURRT : < +XDQJ $ -DEHHQ $ $KVDQ 7 $ 6F
% :DQJ (QKDQFHG FHOOXODU XSWDNH DQG F\WRW|
HQFDSVXODWLRRGLIQHT3*6 LFROV/RPIHEGN DQG 6XUIDFH
%LRLQWHUIDFHVY M FROVXUIE
$ $GHUHP DQG ' 0 8QGHUKLOO OHFKDQLVPV RI SKD.
$QQXDO SHYLHZ RI ,PPXQRORJ\

DQQXUHY LPPXQRO
6 &KRQR 7 7DQLQR 7 6HNL DQG . ORULPRWR ,QI
GUXJ GHOLYHU\ WR UDW DOYHRODU PDFURSKDJHV IR
RI FLSURIOR[DFLQ LQFR USRUDWD-OG RIQ WRJ O7IDSRIVERALH
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CHAPTER 1

Immunomodulatory potential of cytokine-licensed human
bone marrow-derived mesenchymal stromal cells correlates

with potency marker expression profilé

Keywords: mesenchymal stromal cells, licensinggmmunomodulation, potency
assay, IFN  7*)

Abstract

Cytokine(s) preactivation/licensing is an effective way to enhance the
immunomodulatory potency of mesenchymal stromak¢MISCs). Currently, IFN
licensing received the most attentiorcomparison with other cytokines

After licensing human bone marrederived MSCs with pro-/antiinflammatory

cytokines IFN Al 7%) 7*) DORQH RU LQ FRPEHIWQDWLRQ
immunomodulatory potency of these MSCs was stubiethcubating with allogenic

T cells and macrophagi&e THP-1 cells In addition, immunomodulatierelated

molecules filtered by bioinformatics complement 1 subcomponent (Cls) and
interferorinduced GTPbinding protein Mx2 (MX2), were studied to verify whether

theyreflect theemmunomodulatonpotency.

Herein, we reported that different cytokines cause different effediseofunction of

MSC. While TGF OLFHQVLQJ HQKDQFHV WKH FDSDFLW\ RI 06&
an immunosuppressive phenotype, H-Nicensing strengthens the inhibitory effect of

MSC on T cell proliferation. Both TGF DQG-,)QALFHQVLQJ FDQ HQKDQFH V
of MSC on reducing the expressiofpro-inflammatory cytokines by M1 macrophage

like THP-1 cells. Interestingly, IFN @ XSUHJXODWHY SRWHQWLDO SR\
extracellularC1s andkynurening KYN) and intracellulaMX2. These three molecules

I This wolk is published Jiemin Wang, Yingying Zhou, Ellen Donohoe, Aoife Canning,
Seyedmohammad Moosavizadeh, Aideen E. Ryan, and Thomas Ritter. Imnmunomodulatory potential of
cytokinelicensed human bone marraerived mesenchymal stromal cells correlates with potency
marker expression pritd. Stem cells (Dayton, Ohio), 2024; 10.1093/stmcls/sxae053.
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havethe potential to reflect mesenchymal stromal cell immunomodulatory potency.
addition, we reported that theis a synergistic effect of TGF DQG-,)LQ
immunomodulation.

1. Introduction

Currently, mesenchymal stromal cells (MSCs) are investigated for their potential as
novel immunosuppressive [1, 2] and anfilammatory [35] treatment. Briefly, in

terms of mechanism, MSCs are shown to inhibit T cell proliferation [6] an@atsmnd
regulatory T cells (Tregs) [7]. Moreover, MSCs also can polarize macrophages to M2
like antrinflammatory phenotype [8]. Due to these immunomodulatory properties
MSCs were applied in many clinical trials [9], however, their limited therapeutic
efficacy in patents [10] has prevented a more widespread application. Therefore,
alternative techniques need to be developed to make MSC more efficacious and to
identify MSCs withstrrongeimmunomodulatory capacity

Licensing, which is also known as cytokiaetivating, is a convenient and effective

way to enhance the immunomodulatory potential of MSCs [11, 12]. It was reported that

IFN- D -#iflaRmatory cytokine, can induce MSCs to be more immunomodulatory

[11]. IFN- OLFHQVLQJ ZDV YHULILHG WR HQKDQFH WKH LQKL
proliferation. Currently, researchers have primarily prepared good manufacturing

practice manufactured IFN OLFHQVHG 06&V IRU FOLQLFDO WULDOV >
inflammabry cytokines like I~ > @ DQG>71) @ ZHUH DOVR VWXG]
enhance the potency of MSCs. Lastly, in addition teipflammatory cytokines, our

previous study using murine MSCs demonstrated that TGFD V D-@Qflddnthsdry

cytokine, alsacan induce stronger immunomodulatory MSCs in vitro and in a corneal

allograft rejection model [18]. Other groups also reported - TGFOLFHQVLQJ HQKDQF
CXCR3mediated MSC engraftment to the liver and strengthensirdiaimmatory

efficacy [19].

IFN- OLFHQVLQJ FDQ VWUHQJIJWKHQ WKH LPPXQRPRGXODW
important to have assays developed for potency testing of cloriadé MSC products

[20, 21]. This would satisfy mechanistic research of MSC and its final registration for

clinical research [224]. Up to now, in terms of potency assays, IDO1 [20, 25, 26] and

PD-L1 [20, 27] are often regarded as markers of MSC immunomodulatory potency.
Meanwhile, IFN LV YHULILHG WR XSUHJXODWH WKHV-H WZR LPP
L1[11,12] and IDO1 [14, 15] of MSCs. Next, metabolized by IDO1 [28], kynurenine

(KYN) is enriched by IDO4upregulated cells [29, 30] and we speculated that this

amino acid ielevated in MSC conditioned medium. These three markers are evidence

based and have the potential to reflect the MSC immunomodulatory potency. We
investigated whether these three markers lmannfluenced by other cytokines. In

addition, by comparing publicly available sequencing dataliss®veredComplement
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C1ls subcomponent (C1s) and Interfenoduced GTFbinding protein Mx2 (MX2)

may be upregulated inFN- -licensed immunomodulatory MSCs These two
genes/proteins are selected as the new candidate markers to reflect the
immunomodulatory potency.

Herein, by comparing different licensing strategies, we report the different
immunomodulatory effects induced by TGF D Q G- ,)1Q 0 6I&W -licensed

MSC induce a higher frequency of regulatory T cells (Tregs), also a higher frequency

of CD73" and CD6Y" T cells while IFN  OLFHQVLQJ HQKDQFHV WKH HIIH
inhibiting T cell proliferation. Both TGF D QG- ,)QLFHQVLQJ FDQ HQKDQFH \
of MSC on reducing the expressionof INFDQ & ,E\ 0 PDFUREKIMHI HO 3

THP-1 cells.Lastly, IFN XSUHJXODWHYV H[WUDFHOOXODU SURWHLQ
MX2. These three molecules have the potential to reflect the immunomodulatory

potency of MSC.

2. Materials and Methods

2.1lsolation, culture, and characterization of MSC from human bone marrow

Human MSCs were isolated from the bone marrow of three healthy volunteers at
Galway University Hospita(ref. 08/May/14)under an ethically approved protocol
according to a standardized procedure. Written consent was obtained from the
volunteers. Briefly, bone marrow cell suspensions were layered onto a Ficoll density
gradient, and the nucleated cell fraction was collesteghed, and resuspended in an
MSC culture medium. After 24 hours of cultivation, nonadherent cells were removed,
fresh medium was addednd individual colonies of fibroblatke cells were allowed

to expand and approach confluence prior to passage.

+XPDQ 06&V ZHUH HE®WBOS¢ikBeet, Dublin, Ireland) with 1%
penicillin/streptomycin (Sigm&ldrich, Wicklow, Ireland), 10% fetal bovine serum
(FBS) (SigmaAldrich, Wicklow, Ireland), and 1 ng/mL FGE (SigmaAldrich,
Wicklow, Ireland).

2.2Macrophagelike THP-1 cell culture

THP-1 cells are monocytedTHP-1 cells and human peripheral blood cells were
cultured in RPMH1640 (SigmaAldrich, Wicklow, Ireland) with 10% heahactivated
FBS (Thermo Fisher Scientific, Dublin, Ireland), 1%Glutamine (SigmaAldrich,
Wicklow, Ireland), and 1% penicillin/streptomycin (SigiA&drich, Wicklow, Ireland).

THP-1 cells were incubated with 100 ng/mL PMA (Sig#larich, Wicklow, Ireland)
for 24 hours to differentiate to macrophdde THP-1 cells. After 24 hours, the
differentiated macrophagie THP-1 cells were attached to the flask. After washing
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off the suspended undifferentiated cells, macropti&kgerHP-1 cells were incubated
with LPS (100 ng/mL) (Sigmaldrich, Wicklow, Ireland) and IFN QJ P/
(Peprotech, London, UK)) for another 24 hours to induce M1 macropelg®dlH 0 3
THP-1 cells.

2.3 Cytokine licensing

After the plastic adherence of MSCs (density: 3.7~4.2 xidlis/ T175 flask ), the

medium was removed and replaced with basal medium containing single recombinant

human cytokines including 50 ng/mL TGF QJ P/ I/ QJ P/-7TIDQG
50ng/mLIFN RU D FRPELQDWLRQ RI DQ\ WZReR (alftstd DIRUHPH
SHSURWHFK 8. IRU D SHULRG RI KRXUV &HOOV ZHUH W
phosphatéuffered saline (DPBS) (Thermo Fisher Scientific) and used in subsequent

assays. MSC gbassages one to five were used in this study-lIdensed MSC was

called nale MSC in the later chapters.

2.4 Peripheral blood mononuclear cell (PBMC)/MSC coculture assay

PBMCs were stained with the CellTra@eViolet proliferation kit (Thermo Fisher
6FLHQWLILF 'XEOLQ ,UHODQG DFFRUGLQJ WR WKH PDQ X
well-round bottom plates (Sarstedt) at a concentration of LM O OV /I RI
complete medium with or without 2xt®Human FActivator CD3/CD28 Dynabeads®

(Thermo Fisher Scientific, Dublin, Ireland). PBMCs were subsequentlyultored

with MSCs as depicted in Figure 1A. MSCs were added to wells of lymphocytes at a
concentration of 1x0cells / UDWLR RI 06&V O\PSKRF\WHYV
three donors and PBMCs from three or four donors were used in this assay.

2.5THP-1/MSC coculture assay

Human THPR1 cells have been used as a representative model for primary human
monocytes/macrophages. We used THeelldifferentiated macrophages to study the
effect of MSC on macrophages as described in methods.

1x10° 0 3 7 +3 cells and 516 MSCs were seeded into a-2&ll plate. 48 hours

later, cells were harvested and incubated with -lamthan antibodies (see
Supplementary Material Table for additional details) diluted in FACS buffer.
eBiosciencdE Intracellular Fixation & Permeabilization Buffer Set (Thermo Fisher

Scientific, Dublin, Ireland) was used for TNFDQG ,NWDLQLQJ 06&V IURP W
donors were used in this assay (Figure 2A).

2.6 Bioinformatics analysis

Human MSCs immunomodulatory capacity comparisglated series (from the NCBI
Gene Expression Omnibus database) were selected for bioinformatics analysis. They
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were GSE126461, GSE117901, GSE117901, GSE68610, GSE142816 and GSE122091.
The details of the series were shown in Table 1. The data was analyzed and extracted
from GEO2R fttps://www.ncbi.nlm.nih.gov/geo/geoRr/ In differential gene
screening, fvalue less than 0.05I¢gP greater 1.3) and LogFC greater than 1
(upregulation) or less than 1 (downregulation) were defined as candidate differential
genes. Gene Ontology (GO) enrichment analysis, heatmaps and Vplotsavere
performed by R (4.2.2). A Venn diagram was generated via JVenn [31].

6HULHYV &HOO LOQWHUIHUH

+XPDQ DWULDO DS
*6 ( FHOOV KXPDQ DFWLYDWHG E\
PHVHQFK\P DO LMMAUHR

6 ( +XPDQ XPELOLFDO (DUO\ SDVVDJ}

06&V SDVVDJH
. +XPDQ XPELOLFDO
6 ( 068\ DFWLYDWHG)E\
‘6 +XPDQ 06&V DFWLYDWHGLE)
DQG ,)1
‘6 ( +XPDQ ERQH PDUIDFWLYDWHG DX}
06&V 71).
‘6 ( +XPDQ HPEU\RQLF L.\ vowhe E

GHULYHG 06&V

Table 1. Detail of information of selected bioinformatic series.

2.7 Statistics

Data are presented as mean +SD. The majorityoofiparisons between groups were

done by onavay analysis of variance (ANOVA) with Tukey's multiple comparisons

test. Figure 6€E were done by analysis of twaD\ $129% ZLWK 6LGDNYV PXO\
comparisons test. Differences were considered significant fd@.p5

Univariate Linear Regression Models were performed on R to explore the correlation
(Figure 6F) between selected potency markers and immunomodulatory properties
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(proliferated Fcell ratio). The regression results were displayed as slope-aaldigs
were set at <0.05 for statistical significance.

Statistical analysis was performed using GraphPad Software (8.0.2)

2.8 Other

The methods of MSC characterization, peripheral blood mononuclear cell (PBMC)
isolation and culture, RHPCR, dotblotting and KYN quantification were illustrated

in the supplementary materialhe nstruction of mesenchymal stromal cell and
peripheral blood mononuclear cell origin in each ass&as summarized in
Supplementary material table 2.

3. Results

3.1MSC characterization: IFN- EXW QRWOTHHQVLQJ OHDGV WR XSUHJ
HLA -DR on human bone marrow derived MSCs

Human bone marrowlerived MSCs from three healthy donors were used in this study.
All the MSCs can differentiate into adipocytes and osteocytes/osteoblasts. Flow
cytometry was used to identify protein expression on the cell surface of MSCs
(supplementary mterial Figure 1A negative markers and supplementary material
Figure 1B positive markers. CD11b and CD45 were not expressed on MSCs and this
did not change following licensing. In addition, CD90, CD73 and CD44 markers were
all highly expressed on MSCs froall of the donors and also did not change after
licensing. HLADR is expressed lowly in all groups of MSCs except-IFitensed

MSCs (supplementary material Figure 1C). HDR upregulation is regarded as
enhancing immunosuppressive capacity [32]. ThiB® VR FRQVLVWHQW ZLWK RV
[33, 34]. The differentiation capacity (adipogenic and osteogenic) of MSCs from all
three donors was verified as shown in supplementary material FigusB. 22 the

MSCs can differentiate into adipocytes and osteoayséspblasts.
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Figure 1. The inhibitory effect of (licensed) mesenchymal stromal cell (MSC) on T cell
proliferation. A. Schematic depicting the experimentalgpedf MSC/peripheral blood
mononuclear cell (PBMC) ecoultures. BD. Percentage of proliferated CD3+,
CD3+/CD4+ and CD3+/CD8+ T cells. All groups, except the unstimulated control,
were stimulated with HumanActivator CD3/CD28 Dynabeads. Flow cytometry was
used to assess the proliferation. The proliferated ratio of each group is shown.
Representative results of three independent experiments are shown £SD and analyzed
by oneway ANOVA with Tukey's multiple comparisons test.<0.05; **: p<0.01,

**x - p<0.001.
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32IFN- DQG 7*),) OLFHQVLQJ VWUHQJWKHQV WKH HIIH
inhibiting allogeneic T cell proliferation

At first, various cytokindicensed MSCs were cocultured with allogeneic PBMCs to
investigate the inhibitory effect on T ceioliferation, which is regarded as the gold

standard to assess the immunomodulatory potency of MSCs [35, 36]. The coculture

assay of PBMCs and MSCs was performed as shown in Figure 1A. Flow cytometry

was used to assess the T cell proliferation. The gatinagegy of proliferated T cells

(CD3+), effector CD4+ T cells (CD3+/CD4+) and effector CD8+ T ¢€l[33+/CD8+)

are shown in Supplementary Material 3A. As shown in Figure 1B, C and D, all MSC
treatment groups efficiently inhibit the proliferation of CD3+, CD4+ and CD8+ T cells.

Among the single cytokine licensing groups, {FNOLFHQVHG 06&V VKRZHG
strongest inhibitory effect in terms of numbers, even if thaloe is not significant

(Figure 1BC). Interestingly, 50 ng/mL . OLFHQVLQJ VLJQLILFDQWO\ Z}F
inhibitory effect of naie MSCs on T cell proliferation. Meanwhilemong the

combined cytokine licensing groups, and although not significant,- TGF) 1 -

licensed MSCs showed the strongest inhibitory effect on T cell proliferation in terms

of numbers.

3.3 TGF- OLFHQVLQJ RI 06&V LQFUHDVHY DOORJHQHLF UH
following coculture assays and induces T cell immunosuppressive phenotype

Next, the subtype of T cells following MSC coculture was investigated. The percentage

of regulatory T cells (Tregs) was first focused on. The gating strategy of Tregs is shown

in supplementary material Figure 3B. As shown in Figure 2A and C, all-y}t8@ps

including nale and licensed, induced more Tregs than stimulated allogeneic control.

TGF -licensed MSCs (black bars) induced more Tregs than the naiel{oemsed)

MSC group and other sole cytokitreated MSC groups, which suggested TGF

licensirg enhances the efficiency of MSCs to induce Tregs. Among dual licensing
strategies, TGF SOXV DQRWKHU F\WRNLQH FDQ LQGOKY PRUH 7
IFN- RU 71),Q WHUPV RI 7UHJV IOQGXRWLRQ L¥*WKH PRVW |
And TGF , ) 1 -licensing induced more Tregs than sole use of TGFLQ WHUPV R
numbers, which demonstrates again that TGFD QG- ,)RD\ KDYH D V\QHUJLVYV
immunomodulatory effect.

Then, we investigated the CD69 expression of T cells. Highly expressed CD69
represents the activation of T cells. The gating strategy is shown in supplementary

material Figure 3C. As shown in Figure 2B and D, coculture with allogeneic MSCs
significantly ircreased the ratio of CD69+ T cells, indicating that allogeneic MSC

coculture activates T cells. However, compared with naie MSCs, licensing with either

TGF -/ DQG-7TIUHGXFHG WKH &' HI[ISUHVVLRQ DV ZHOO |
TNF-. SOXV DQtoRWW&HTUGF\ SOXV ,)IQWHUHVWIOQFH\Q V)LIQJ
alone did not reduce the number of CD69+ cells only in combination with TGF, Q
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summary, TNF. LV WKH PRVW HIIHFWLYH F\WRNLQH EHFDXVH E
of INW. GHFUHDVHG WKH SHUFHQWDJH-RI L& D OGVRH®ROAH Wt K
except TGF SOXV ,ZKLFK SRVVLEO\-GHPRG VWODWHYVLQJ

may hae an antagonistic effect in CD69 reduction. Specifically, TGFSO XV ,)1

still have the most powerful effect in terms of numbers. This fact furtherly suggests the
synergistic effectof TGF DQG-,)1
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Figure 2. The T cell phenotype is altered after coculturing with (licensed) mesenchymal
stromal cell (MSC). M. The representative pseudocolor plots of FOXP3/CD25+ cells
(regulatory T cells, Tregs), CD69+ T cells:0C The percentage of Tregs and CD69+

T cells. E. The representative pseudocolor plots of CD73+ T cells. F. The representative
histograms of CD73 expression. G. The percentage of CD73+ T cells. H. The
expression of CD73 (MFI, median fluorescence intgnsAll groups, except the
unstimulated control, were stimulated with HumaAdivator CD3/CD28 Dynabeads.
Flow cytometry was used to assess the protein expresdgpnesentative results of
three independent experiments are shown +SD and analyzed fayayn®NOVA with
Tukey's multiple comparisons test. € @05; **: p<0.01; ***: p<0.001.

In terms of the T cell phetype study, we lastly focused on CD73 expression. It is

regarded as an immunosuppressive protein and high CD73 expression represents strong
immunomodulatory functiof44, 45] The gating strategy of CD73 expression and

CD73+ T cells is shown in supplementary material Figure 3C. The results are shown in

Figure 2EH. Coculture with MSCs increased both CD73 expression and the number

of CD73+ T cells. However, compared with nak8SCs, all of the licensing strategies

cannot keep the CD73 expression on a higkllexcept sole TGF OLFHQVLQJ 7KLV
fact suggests that only TGF OLFHQVLQJ FDQ PDLQWDLQ WKH FDSD
keeping CD73 highly expresseor TNF. ,)-1 D QG \licensingg may inhibit

CD73 expression on T cells.

3.4BothTGF- DQG-,)DLFHQVLQJ HQKDQFHV WKH HIIHFW RI1 06
TNF-. DQG ,/H[SUHVVLRQ Rlcéls3 7+3

As described above, IFN OLFHQVLQJ ZDV IRXQG WR HQKDQFH WK
MSCs on T cell proliferationral TGF  OLFHQVLQJ WR VWUHQJWKHQ WK
on inducing an immunomodulatory-Cell phenotype. Therefore, these two licensing

strategies were used to investigate their moftne modulation of innate immune cells

in this MSC/THR1 co-culture assay. THR cells, as a hunmaeukemia monocytic cell

line, have been extensively used to study monocyte/macrophage functions [37, 38]

We assessed the expression of twoipflammatory cytokines TNF. DQ G ,/E\

0 3 7 +Bcells. The experiment was performed as shown in Figure 3A and cytokine
expression is assessed by flow cytometry via intracellular staining. The gating strategy

of cytokine expression is shown in supplementary material Figure 4A. As shown in

Figure 3B and 3C, naie MSCs exhibited the capacity on reducing expressions of both

TNF-. DQG ,/E\ 0 3 7% 8ells. However, both single TGF DQG-;)1

licensing strengthenethe capacity. Moreover, in terms of TNF H{SUHVVLRQ GXDC
TGF D Q G- ;l)censed MSCs can reduce its expression to a great degree, which
suggeststhat TGF DQG-,)DUH VI\QHUJLVWLF HQOQSUHEGXERQJ 71)
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1HW ZH FRQFHQWUDWHG RQ WKH FURVY®BAQN EHWZHH

primarily address the mechanism of the above effect. The assay was performed as

shown in Figure 3D using fluorescently labelled (CTV) naie or licensed MSCs. The

ratio of the MSCsd THP-1 cells was adjusted to 1:1 because when we applied the same

ratio as in the previous experiment, the CDh#gative population (MSCs) were very

OHVV ZKLFK LV SRVVLEO\ GXH WR WKDW1@dél&WsDUH SKDJ

shown in Figure 35, CTV+/CD11b+ (Q2 in Figure 3G) represents THRells which

have phagocytosed MSCs. And CTV+/CDilepresents MSCs which have not

crosstalked with THR cells. We found that TGF -licensed MSCs preferentially got

in touch with THPRL1 cells (Figure 3E)andN OLFHQVLQJ LPSHGHG WKH FUR®

3F. This may be why TGF OLFHQVLQJ VWUHQIJWKHQHG WKH FDSD|
,# H[SUHVVLRQ ZKLOH WKLV FDQQRWOHFFHIIML@Q WKH PH
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Figure 3. Coculturing THPL cells with Mesenchymal stromal cell (MSC). A. Schematic
illustrating the experimental overview of MSC/THPcoculturing assay. B. The
representative histograms- L D QG -7 15\ 7-# ells. C. The expression of-IL
DQG -7y THR1 cells (MFI, median fluorescence intensity). D. Schematic
illustrating the experimental overview of MSC/THIRtoculturing assay to focus on
their crosstalk. E. The percentage of THIRells crosstdd with MSCs (Q2 in Figure
3G). F. The percentage of MSCs which has not crosstalked witR1Te#s (Q1 in
Figure 3G). G. The representative pseudocolor plots of MSC/T ldisstalk assay.
Flow cytometry was used to assess the protein and crod_tgikesentative results of
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three independent experiments are shown +SD and analyzed fayayn&®NOVA with
Tukey's multiple comparisons test. € @05; **: p<0.01; ***: p<0.001.

As shown in Figure 3K, THR1 cells that were coultured with MSCs are

represented by CTV+/CD11lb+ (Q2 in Figure 3G). Conversely, CTV+/CD11b

represents MSCs that have not engaged in crosstalk with1Te#s. Our findings

indicate that TGF -licensed M5Cs displayed a preference for interacting with THP

1 cells (Figure 3E), while the crosstalk was impeded by IFOLFHQVLQJ DV GHSLF\

Figure 3F. This difference may explain why TGF OLFHQVLQJ HQKDQFHG WKH

toreduce TNF. ,# H[S U HWheéteRs@he mechanism behind the effects of IFN
OLFHQVLQJ UHPDLQV XQH[SODLQHG

3.5 Bioinformatics analysis: potential new potency markers Cls and MX2 are
upregulated in strong immunomodulatory MSC groups

After we found the enhanced therapeutic effect of MSCs following cytokine licensing

with TGF DQG-,)ZH ZDQWHG WR SULPDULO\ HISORUH WKH F
these two licensing strategies. This mechanism also will contribute to the establishment

of MSC immunomodulatory potency. The identification of functional markers of

potency and easily deployable standardised and quantifiable methods are necessary [22].

At first, six datasets were selected comparing the genome difference between strong

and weakmmunomodulatory MSCsr MSC-like cells. In this chapter, the six selected

openaccess datasets were analyzed43p
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Figure 4. The bioinformatics analysis of strong immunomodulatory mesenchymal
stromal cells (MSCs). A. The volcano plots of each datasets. B. The twenty most
differential genes in each dataset are listed as heatmap. C. The Venn diagram of
significant upreglated genes in each dataset. Complement 1 subcomponent (C1s) and
interferoninduced GTPbinding protein Mx2 (MX2) are upregulated in all the datasets.

D. The fold change and adjust P value of C1ls and MX2 in each dataset.

In this section, we assumed cytokind{sgnsed as well as youmassage MSCs were
strong immunomodulatory groups amdie and latepassage MSCs were weak
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immunomodulatory groupsAs shown in Figure 4A, the volcano plot showed that
compared to weak immunomodulatory control, in strong immunomodulatory groups,
there were plenty of gene upregulation (red dots) and downregulation (blue dots). The
twenty most differentially expressed genes were listed as shown in Figure 4B. IDO1,
which wa the evidencbased marker, was also significantly upregulated
GSE126461, GSE117901, GSE6861 and GSE142816 with large fold change. In the
above standard (logFC > 1 and p < 0.05) the number and name of upregulated genes
were counted in each dataset (Figure 4C). Finally, there were 2 genes identified, which
were Clsaand MX2 and were observed to be upregulated in all datasets. This indicates
and association of C1s and MX2 with strong immunomodulatory MSCs. -Vhtue

and logFC of C1s and MX2 in each dataset were shown in Figure 4D.

A Gene Ontology analysis was performed on the basis of the -alppggulated genes
(supplementary material Figure 5). The enriched pathways in each dataset were shown.
But none of the pathways was enriched in every group. Relatively, the frequently
enricha pathways were the regulation of the immune effector process (belongs to
biological process), peptide binding (molecular function), amide binding (molecular
function), intrinsic component of organelle (cellular component) and endocytic vesicle
(cellular @mponent). These pathways were enriched in the five cytokileg¢aksing

groups (GSE126461 activated by FFN * 6 ( DFWLYDWHBQBY ,71)
GSE68610 activated byiL 71%) DQG-,)*6( DFWLYDWIB®E&\ ,)1
TNF-. DQG *6( atBdw IEN

3.6 IFN- RU FRPELQHG ZLWK DQRWKHU F\WRNIIQH OLFHQ
IDO1, MX2 and C1s from gene to protein

Based on the previous results, two bioinformatitsred genes and two evidence
based genes were identified as the candidate genes to reflect the immunomodulatory
capacity of MSCs. These four markers are investigated from gene to protein expression.
gPCRwas performed to quantify the gene expression and several techniques including
dot-blotting, flow cytometry and ELISA were performed to quantify the protein
expression according to the location of the protein.

First of all, as shown in Figure 5B, we focused on PID1. PD-L1 was upregulated

in RNA and proteinby IFN  QWHUHVWLQJO\ L-0Ql wasididztical®l 51$ 3
upregulated by TNF. ,)1 ZKLOH 791 DQ6G ,/)1 RQO\ XSUHJXODWH
PD-L1 to the same extentas sole IFN +RZHYHU LQ WHURV RHESURWHLQ
licensing upregulated RD1 to a great extent but the other FN FRPELQDWLRQV
maintain the effect of sole IFN -/ DOV R X S U HLUD&Qrifivantlawhile the

effect is weakethan IFN %9HVLGHY RWKHU OLFHQVLQJ-VWUDWHJL
L1 upregulation. This indicates a synergistic effect of TGF,)1 OLFHQVLQJ RQ 3°

L1 protein expression on MSCs.
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Secondly, in terms of IDO1, as shown in FigureBAFN- DOVR XSUHJXODWHG ,'2
RNA and protein. In detail, IFN SOX-V ,RU 71)XDG D VWURQJHU HIIHF
increasing IDO1 mRNAthanIFN SOXMV 7*6LPLODUO\ DV IRU SURWHLQ

FRPEOLVWh BN LQKLELWHG WKH ,'2 XSUHIZXKOABDWLRQ E\ VR
or TNR. FRPELQLQJ PDLQWDLQ WKH XSUHJXODWLRQ 2WKH
effect on IDO1 upregulation.
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Figure 5. Molecular alteration of IFN-licensed mesenchymal stromal cells (MSCs).
A. PDL1 expression in RNA and protein. B. The representative histograms-lof PD
C. The representative dots of MX2, GAPDH and IDO1 viabtimtting in each group.
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D. IDO1 expression in RNA and protein. E. MX2 expression in RNA and protein. F.
Cls expression in RNA and protein. The IDO1 and MX2 protein expressions are
assessed by daiotting. The PBL1 protein expression is assessed by flow cytometry.
The Cls prot@ concentration is assessed by ELISA. All of gene quantification is
assessed by gPCRepresentative results of three independent experiments are shown
+ SD and analyzed by ongay ANOVA with Tukey's multiple comparisons test. *:
p<0.05; **: p<0.01; ***: p<0.001.

For the bioinformaticgiltered MX2, as shown in FiguréC and E.IFN LV VWLOO WKH
most effective cytokine to upregulate MX2 in RNA and protein. Other licensing

strategies have no effect on this upregulation. As for the combined licensing strategies,

IFN- SOXV DQ\ RWKHU F\WRNLQH guatng NDXMMMRNARQahHU HIIHFW
sole IFN ‘H SHUIRUPHG DQ H[WUD P51% T3&5 WR FRQILU
(supplementary material Figure 4C).

Lastly, as shown in Figure 5F, IFN DOVR FDQ XSUHJXODWH & V 51%$ DQG
AsforRNA,IFN SOXV RU 71KDG D VWURQJHU HIIHFW RQ XSUHJ
IFN- ,J1 SOXV- 7*PDLQWDLQ WKH XSWDHIXR KWIGRD VAD)JIKW
significant effect on C1s RNA upregulation. As for protein, the result is approximately
consistent with C1s qPCR. IFN SOXV RU 71KDG D VWURQJHU HIIHFW
protein upregulation than sole IFN

3.7IFN- OLFHQVLQJ L Qdepdrddeim KYN cbAcentration

In terms of immunomodulatory potency assays, characteristics that wdnsahéigcial

are simplification and convenience. The above paragraph mainly leveraged qPCR and
immune blotting to quantify the gene and protein candidates respectivelgidition

to gene and proteifiKYN, as an amino acid transformed from the tryptophan by IDO1

is of great significance to be a potency marker because this KYN assay is based simple
and costsaving spectrometrpased methodologyrhis method was verified and the
standard curve was shown in supplementary mateigake 4D.

We first quantify the KYN in the 2&our licensed MSC conditioned medium. As

shown in Figure 6A, KYN concentration was increased by-IFNEXW WKH V\QHUJLV
effect caused by combined licensed strategies was not obvious. Other licensing
strategies did ndtave significant effects.
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dependence of KYN concentration. F. The correlation study between selected potency
markers and immunomodulatory properties. The slope analye were labelled. A
was analyzed by ongay ANOVA with Tukey's multiple comparisons tesE Were

done by analys of two ZD\ $129% ZLWK 6LGDNTV PXOWL&EHOH FRPSD

0.05; **: po#0.01; ***. p 0#0.001. F was analyzed by univariate linear regression

models.

Meanwhile, LW106, an inhibitor of IDO1, was used to confirm the IRf@fpendence

of KYN. In the reports, LW106 only inhibit the IDO1 function but maintains its

invariable expression [43]. The KYN ID@ependence assay was performed as shown

in Figure 6B. Afer 24hour licensing (Figure 6C), the KYN concentration became

lower in the presence of the inhibitor. This indicates that the KYN originated from

IDO1. And after the licensed MSCs above underwent-aot8 culturing with fresh

medium (Figure 6D), the KYNoncentrationinasingleIFN OLFHQVHG JURXS ZDV

low. But TGF ,)1 OLFHQVHG 06&YV UHVWRUHG PRUH VHFUHWH

demonstratedthat TGF ,)1 OLFHQVLQJ LV VWURQJHU WR ,'2 WKDQ
&RQVLGHULQJ W HKrixwisetdby FGS UHY VILV ORZHU W-KDQ VROH
EXW-7*))1 OLFHQVLQJ UHVXOWHG LQ D KLIJKHU FRQFHC

licensed strategy possibly not only increase the expression but also activate the function.

Lastly, the time dependence of KYN secretion was shown in Figure 6E. The KYN
concentration peak appeared 72 hours after the beginning of the licensing. And no

matter how much time the licensing, the KYN concentration caused by TGP 1

was significany higher than sole use ofIFN ZKLFK VXJJHVWYVY WKH V\QHUJL"®
TGF ,)1 DW OHDVW RQ ,'2 IXQFWLRQ

3.8 The correlation study between selected potency markers and
immunomodulatory properties

This part is to investigate the correlation between markers (widely acceptet &1l

IDO1 and newlyfound MX2, C1s and KYN) and immunomodulatory properties. In
the presented study, the gene level of Cls, MX2, IDO1 and.P@nd the
concentration of KYN wre regarded as the property of MSCs (independent variable),
and the proliferated T celfrequency in three types was regarded as the
immunomodulatory capacity of MSCs (dependent variable). We selected the gene level
of the markers but not the protein because the gene level in the study was more sensitive.
The univariate linear regression models wersdgrmed to analyse the correlation. As
displayed in Figure 6F, all of the highéxpressed markers reflected the {ow
proliferated T celfrequency which represents stronger immunomodulatory capacity,
and lowly-expressed markers reflected the Rpybliferated T cellfrequency Among
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all the selected markers, the correlation of the widelyepted PEL1 and the
proliferated T celfrequencywas strong with fvalues less than 0.05 in all types of T
cells. However, the correlation between the IDO1 gene level and the proliferated T cell
frequencywas weaker with ywalues more than 0.05 in CD3+ and CD3/CD4+ T cells.
Both Cls and MX2 had a weaker correlation with CD3+ T fcetjuencybut strong

with CD3/CD4+ and CD3/CD8+ proliferated T ckltquency Most importantly, KYN
concentration hathe strongest correlation with the proliferated T &elfuencywith

a very significant statistical difference. Tisisggests that secreted KYN concentration
best reflects the inhibited proliferation of MSCs on T cells. KYN may be the key factor
in MSC immunomodulation.

4. Discussion

Nowadays, cencubation with allogeneic T cells and thus the quantification of
proliferated T cells is the most commonly used method to measure the
immunomodulatory potency of MSCs [35, 36]. But it requires human blood samples
and the consumption of MSOseimselves. In this study, high expressions of MX2, PD
L1, Cls, IDO1 and KYN reflected the strong immunomodulation of MSC to some
degree. These detections do not require PBMC. More importantly, C1ls and KYN are
extracellular. Their detections would not com&uMSCs, this is significant in saving
MSC samples for the therapy. In other words, C1s and KYN are highly concentrated in
the conditioned medium. The MSCs from which they originated can still be used for
future experiments. Moreover, as shown in FiguretBE KYN concentration better
reflects the immunomodulatory capacity of MSCs than widely accepted1Pand

IDO1. This suggests that secreted KYN concentration best reflects the inhibited
proliferation of MSCs on T cells. In the future application of MStie extracellular

KYN concentration may be quantified to predict the immunomodulatory capacity of
MSCs to achieve standardization.

CD69 and CD73 were selected as two markers to define the phenotype of T cells. CD73
is an immunosuppressive molecule, which can degrade adenosine triphosphate to
adenosine, which is verified as a strong immunosuppressive substance [44, 45], and
initiates anti-inflammatory effects [46, 47]. In addition, CD73+ T cells or their
extracellular vesicles were reported to be available to CD4+CD39+ Tregs for the
production of immunosuppressive adenosine [UB&n inflammatory model caused by
Trypanosoma gondii, CEB was downregulated which reduced adenosine [49]. This
verified that CD73 may be downregulated during inflammation. In terms of CD69, it is
an activation marker [50] for T cells for both pro and-amftammation. CD69+ T cells

were reported for the higiroduction of pranflammatory cytokines [51]. The increase

of CD4+/CD69+ T cells triggered inflammation [52] and aggravated autoimmune
disease [53, 54]. For the aimilammation side, CD89 Tregs were hyperreactive
Tregs which are immunosuppressive][3%owever, the proportion of Tregs in T cells
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is very small. Therefore we believe the total effect of CDB8ell is preinflammatory.

In general, CD73 was selected as the immunosuppressive marker and' CD73
represented strong immunomodulatory capacity. CD69 was selected as the activation

marker and CD69 represented activated inflammatory T cell. We found that high
expression of immunosuppressive CD73 can be keptby sole TGBLFHQVLQJ DQG VR
IFN- OLFHQVLQJ LV QRW FRQGXFWLYWMrafiR GHFUHDVH LQIO

In single cytokine licensing, the effectof TGF LV OLPLWHG LQ XSUHJXODWLC
markers. Because TGF GLG QRW XSUHJXODWH VHOHFWHG PDUNHU
T cell proliferation. IFN LV WKH PRVW HIIHFWLYH F\WRNLQH
immunanodulation because IFN OLFHQVLQJ VWUHQJIJWKHQV WKH LQKL
on T cell proliferation. Interestingly, TGF ,)1 FRPELQHG OLFHQVLQJ FRXO(
immunomodulatory. This combined licensing synergistically induced higher
expression of MX2, PRL1, C1s and KYN than a single use of N 0 Ribhpbrtantly,

this combing licensetMSCs were the most effective way both to induce
immunosuppressive Tregs and inhibit T cell proliferation even if i@ ye is not very

significant.

For Cls, MX2 and KYN, C1s was verified upregulation in the-IFNUHVSRQVH RI FOHD
cell renalcell carcinoma modgb6]. Besides, Cls is a component of the complement
system. The complement system is involved in phagocytosis [57], including the
phagocytosis of MSC [58]. But Cls was reported to have a linmitpaict on the
clearance of early apoptotic cell and ppbagocytosis immunosuppressive property.

It only affects the phagocytosis of late apoptotic cells [59]. In terms of KYN, its
immunosuppressive property is widely recognized. Recent studies revébaled t
tryptophan 2,3lioxygenase 2nduced increase in KYN played a pivotal role in glioma
development through immunosuppressive effects [60]. In autoimmunity, KYN also can
serve as an effective immunomodulatory adjuvant candidate for type 1 diabetes
vaccines [61]. Lastly for MX2, up to now, there is not any published study correlating
MX2 with immunomodulation.

In terms of potency markers for TGF OLFHQVLQJ WKH SUHVHQWHG VWX
independent one. Future studies should focus on identifying a potency marker for TGF
OLFHQVLQJ RI 06&V 7KLV FRXOG EH LQIRUPHG E\ DSSUR
and immunological assay signalling molecul€se present study is the first to find
TG OLFHQVLQJ LQFUHDVHV WKH FURVVWDON EHWZHHQ O
results, IFN KDV DQ REYLRXVO\ GLITHUHQW SDWKzZD\ WR DFWL
to TGF ,Q WKH FDVH WRDOQRW*)XSUHJXODWH RXU ILYH VI
candidate markers, it is reasonable to speculate that TGRDFLOLWDWH WKH 0
crosstalk with macrophages. And this licensing pathway is compatible with the
licensing caused byFN- 7TKHUHIRUH LQ PDQ\DIMEHRMDW H7BD)
synergistic effect.
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5. Conclusion

Human bone marrowerived MSCs can be licensed by TGF DQ G- ,) 17 *)

licensing enhanced the effect of MSCs on inducing the T cells to an immunosuppressive

phenotype with CD2YFOXP3", CD6d" and CD738, while IFN OLFHQVLQJ

strengthened the inhibitory effect on T cell proliferation. Both licensing strategies help

MSC to inhibit M1 macrophages expressing FINFDQG ,/ $V IRU WKH PROHFXC

mechanism of cytokine licensing, TGF D Q G- , )W D U J i¢Wp&Hhwiayld leading

to differential expressn of potential potency markers. IFN FDQ XSUH-LXODWH 3

MX2, Cls and IDO1 from gene to protein, and upregulated IDO1 secrets more KYN,

which can best reflect the inhibited proliferation of MSCs on T cells. However; TGF
OLFHQVLQJ PLJK&vgZhe teNular \cragstalk) Ehstly, these two cytokines

have a synergistic effect in some immunomodulatory mechanisms.
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7. Supplemertary material

7.1Supplementary material Table 1. Details of the used antibodies of fluorescent
dye, classified by assays

06& FKDUDFWHUL]DWLRQ PDUNHU SRVLWLYH

Antigen Fluorochrome Corporation
CD90 Brilliant Violet 421 Biolegend
CD73 FITC Biolegend
CD44 PE/Cyanine7 Biolegend
Sytox AADVANCED Thermo fisher
ORXVH ,J* LV R Brilliant Violet 421 Biolegend
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Mouse 1gG1, k isotype Ctrl | FITC Biolegend

mouse 1gG1, k isotype Ctrl | PE/Cyanine7 Biolegend

06&8FKDUDFWHUL]DWLRQ PDUNHU QHJDWLYH

Antigen Fluorochrome Corporation
HLA-DR Pacific BlueE Biolegend
CD11b FITC Biolegend
CD45 APC Biolegend
Sytox AADVANCED Thermo fisher
Mouse IgG2b, k isotype Ctrl Pacific BlueE Biolegend
Rat 1IgG2b, k Isotyp€itrl FITC Biolegend
ORXVH ,J* ,VRW\| APC Biolegend
3'"/ GHWHFWLRQ
Antigen Fluorochrome Corporation
PD-L1 PerCP/Cyanineb.5 Biolegend
7 FHOO SUROLIHUDWLRQ DVVD\
Antigen Fluorochrome Corporation
CD3 APC Biolegend
CD4 PE Biolegend
CD8 Brilliant Violet 785 Biolegend
Celltrace Violet Thermo fisher
Sytox AADVANCED Thermo fisher
7TUHJ LQGXFWLRQ DVVD\
Antigen Fluorochrome Corporation
CD3 APC Biolegend
CD4 PE Biolegend
CD25 Brilliant Violet 785 Biolegend
FOXP3 Brilliant Violet 421 Biolegend
Zombie red Biolegend
7 FHOO SKHQRW\SH DVVD\
Antigen Fluorochrome Corporation
CD3 APC Biolegend
CD73 FITC Biolegend
CD69 Brilliant Violet 421 Biolegend
Sytox AADVANCED Thermo fisher
3
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URQIODPPDWRU\ F\WRNLQHV GHWHFWLRQ

Antigen Fluorochrome Corporation
Fixable viability violet dye Thermo fisher
TNF-. APC Biolegend

IL- AF647 Biolegend
CD11b FITC Biolegend

1RWH 7/0QG ,ZHUH QRW VWDLQHG DW WKH VDPH WLPH

7.2 Supplementary Material (Methods)

7.2.1 (haracterization of MSCs

MSCs were characterized for the expression or absence of specific cell surface
markers (CD73, CD44, CD45, CD90, CD11b and HRR) by flow cytometry and

for their differentiation capacity. At first, MSCs were harvested and incubated with
antrhuman antibodis (see Supplementary Material Table for additional details)
diluted in flow cytometry staining buffer (FACS buffer). Samples were analyzed
using a flow cytometer (Cytek Northern LightsTM 3000). Flow cytometry data were
analyzed using FlowJo analysis sadte version 10 (Tree Star Inc.) Differentiation of
MSC was performed according to previous meth@ddsacy, O., et al.,
Subconjunctival administration of ledose murine allogeneic mesenchymal stromal
cells promotes corneal allograft survival in mice. Stem Cell Research & Therapy,
2021. 12(1). https://doi.org/10.1186/s13A871-02293x). MSCs from three donors
(donor 1, 2 and 3) were characterized respectively.

72.2 RT-gPCR

Total RNA was isolatedsing thdSOLATE Il RNA Mini Kit (MERIDIAN

BIOSCIENCE). RevertAid H minuBirst Strand cDNA Synthesis Kit (Thermo Fisher
Scientific, Dublin, Ireland) was used to synthesize cDNA. In detail, random hexamer
primers were used to synthesise cDNA coming from the total RNA template, while
oligo (DT) primers were for the mRNA templat®NA sample was stored €0 €

for further use. Maxima Probe/ROX gPCR Master Mix (2X was used in qPCR.
TagMan@EGene Expression Assay (FAM) Hs00427620_m1 (TBP for reference

gene), Hs00156159 m1 (C1S), Hs01550809_m1 (MX2), Hs00984148 m1 (IDO1),
Hs002042% m1 (PDL1) and Hs02758991 gl (GAPDH) were used to quantify.
StepOne Plus (Applied Biosystems) and StepOne Software v2.3 were used to analyze

7.2.3 Dot blotting

MSCs were seeded into argll plate. After licensing, cells were lysed by Ripa buffer
(Pierce) and protease inhibitor. After 8,000 g centrifugation, the supernatant was
regarded as a protein sample. BCA assay was used to determine the concentration of
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SURWHLQ 7KHQ J GRW RI HDFK VDPSOH ZDV ORDGHG
membrane. After the dotag dry, the membrane was blocked into 5% BSA-TBS

and then incubate relative primary antibodies (GAPDH,1:1000; IDO1, 1:1000; MX2,

1:1000; all from Novusbio) overnight. Subsequently, the membrane was incubated

with a secondary antibody (Goat aR@bbit IgG (H+L) Secondary Antibody [HRP],

Novusbio). Enhanced chemiluminescence reagent (Thermo Fisher Scientific, Dublin,

Ireland) and UVITEC Imaging Systems (UVITEC, UK) were used to visualize the

dot.

7.2.4 Peripheral blood mononuclear cells (PBMC) isolation and culture

PBMCs were isolated by densityadient centrifugation from whole blood samples
after written informed consent was obtained from four healthy voluntdersdrsity

of Galway Research Ethics Commifté€linical Research Ethics Committee, Ref:

C.A. 2074) Freshly drawn peripheral blood was collected in 5 mL ethylene diamine
tetraacetic acid (EDTA) Vacutainer® tubes (BD Medical Supplies, Crawley, UK).
PBMCs were isolated by layering 3 mL of aotiagulated blood over 3 mL
endotoxinfree FicollPremium (Syma-Aldrich, Wicklow, Ireland) densitygradient
solution in a 15 mL tube. Samples were then centrifuged at 400 g for 22 mins at 18C.
8VLQJ D SODVWLF 3DVWHXU SLSHWWH WKH YLVLEOH 3EXI
was removed. PBMCs were transferreaifiesh 15mL tubes, vsaed twice with

10mL DPBS (ThermoFisher Scientific) and centrifuged at 400 g for 5 min at 25 €.
The total number of live cells was determined by Trypan Blue exclusion.

PBMCs were cultured in RPMI640 medium (BioSciences, Dublin, Ireland) with 1%
penicillin/streptomycin (Sigm&ldrich, Wicklow, Ireland), 10% fetal bovine serum
(FBS) (SigmaAldrich, Wicklow, Ireland).

7.2.5Kynurenine quantification

/| 06& -KRXU FRQGLWLRQHG FXOWXUH PHGLXP ZDV PLJ[H
trichloroacetic acid (SigmaAldrich, Wicklow, Ireland) and incubated at 50€ for 30
PLQ $IWHU FHQWULIXJDWLRQ T JIRU PLQ O V.
anequalvolPH Rl (KUOLFKYV UH D JH-QMméthghehAldehyde PJ S
(SigmaAldrich, Wicklow, Ireland) in 5 ml glacial acetic acid (SigrAd&drich,
Wicklow, Ireland) in a 9éwell plate(Ling, W., et al., Mesenchymal stem cells use
IDO to regulate immunity in tuor microenvironment. Cancer Res, 2014. 74(5): p.
157687.https://doi.org/10.1158/0008472.CAN13-1656 Lotfi, R., et al., ATP
promotes immunosuppressive capacities of mesenchymal stromal cells by enhancing
the expression of indoleamine dioxygenase. Immun Inflamm Dis, 2018. 6(4):-p. 448
455, https://doi.org/10.1002/iid3.2B&amples were read against a reagent blank with
a 490nm filter in a microplate spectrophotometer (VICTOR X3 Multilabel Plate
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Reader, PerkinElmer). The change in KYN concentration was obtained by subtracting
the control value from the sample values, normalized against commercially obtained
KYN (SigmaAldrich, Wicklow, Ireland) as concentration standards.

The time dependence of KYN and licensing time was investigated. In detail, licensing
incubating time was extended to 48 hours and 72 hours. At evdrguz4imepoint
during or after licensing, the concentration of KYN was detected.

IDO1 dependence on KYN concentration was also investigated. In the presence and
DEVHQFH RI 0 /:-Aldrich | WieKbw, Ireland), an inhibitor of IDO1,

the concentration of KYN was quantified at the end of liceneivay and 48 hours

after licensin.

7.3 Supplementary material TableZ2. Instruction of mesenchymal stromal cell
and peripheral blood mononuclear cell origin in each assay.

Mesenchymal stromal cell (MSC): don&fC
Peripheral blood mononuclear cell (PBMC): dothe3
Content Location Group Incubation
Unstimulated and
stimulated control | Donor1-3
groups
PBMC-
i\:ﬂoi(lflturin e Cytokinestreated DonorA+ Donorl;
9 FOUDS DonorB+ Donor?2;
group DonorC + Donor3;
DonorA + macrophage cell
line;
Macrophage ’
+
MSC Figure3 All groups I[i)noerTorB macrophage cell
coculturing DonorC + macrophage cell
line;
Each assay consists of three
independent donosf MSC.
For example, in Figure 5A,
. MSCs from donor Avere
MSCs Figrue 56 | All groups independently treated with
TG WR LQYHVW
gene alterationas well as
donor B and C.
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7.4 Supplementary material Figure
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Supplementary Material Figure 1. Characterization of the mesenchymal stromal cell
(MSC). A. The representative CD11b, HDR and CD45 histograms of MSCs. B.

The representative CD90, CD73 and CD44 histograms of MSCs. C. The expression of
HLA-DR (MFI, mediarfluorescence intensity). Representative results of three
independent experiments are shown +SD and analyzed bywan@&NOVA with

Tukey's multiple comparisons test. *&0.05; **: p £0.01; ***: p £0.001.
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Supplementary Material Figure 2. A. Adipogenesis of M&lsRedO staining. B.
Osteogenesis of MSAlizarin red S staining) 6 FDOH EDU P
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Supplementary Material Figure 3. A. Gating strategprmfiiferated CD3+,
CD3/CD4+ and CD3/CD8+ T cells. B. Gating strategy of regulatory T cells (Tregs).
C. Gating strategy of CD69+ T cells, CD73+ T cells and expression of CD73.
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Supplementary Material Figure 4. A. Gating strategy to quantify the expression of
TNF. DQG ,RI1 7-%&ells. B. Gating strategy of THPcells/mesenchymal
stromal cells (MSCs) coculturing assay focusing on the crosstalk. C. MX2 mRNA
expression. The KR expressive was quantified by gPCR. Representative results of
three independent experiments are shown £SD and analyzed twyayn&NOVA

with Tukey's multiple comparisons test. *¢p.05; **: p £0.01; *: p £0.001. D.
Standard curve of kynurenine.
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Supplementary Marial Figure 5. Gene Ontology (GO) analysis of six selected
datasetswhich are GSE117901, GSE122091, GSE126461, GSE142816 and
GSE68610
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CHAPTER 2

Immunomodulatory function of licensed human bone

marrow mesenchymal stromal cellderived apoptotic bodie

Keywords: Mesenchymal stromal cells, immunomodulation, apoptotic body,
extracellular vesicle, IFN- 7 *) licensing, potency

Abstract

Background: Mesenchymal stromal cells (MSCs) show great potential for
immunomodulatory and aninflammatory treatments. Clinical trials have been
performed for the treatment of Type 1 diabetes, grafsushost disease and organ
transplantation, which aff a promise of MSCs as an immunomodulatory therapy.
Nevertheless, their unstable efficacy and immunogenicity concerns present challenges
to clinical translation. It has emerged that the M&Tived secretome, which includes
secreted proteins, exosomeppptotic bodies (AoBDs) and other macromolecules,

may have similar therapeutic effects to parent MSCs. Among all of the components of
the MSCderived secretome, most interest thus far has been garnered by exosomes for
their therapeutic potential. However, since MSCs were tegdo undergo apoptosis

after in vivo transplantation and releageoBDs, we speculated as to whethgraBDs

have immunomodulatory effects.

Methods:In this study, cytokine licensing was used to enhance the immunomodulatory
potency of MSCs andpoBDs derived from licensed MSCs in vitro were isolated to
explore their immunomodulatory effects as an effectiveviahle cell therapy.

ResultsiIFN- DQG- ,)1*) OLFHQVLQJ HQKDQFHG WKH LPPXQRPR
MSCs on T cell proliferation. Further, TGF DQG-,)QLFHQVLQJ VWUHQJIJWKH
immunomodulatory effect of MSC on reducing the TN&ndIL- H[SUHVVLRQ E\ O
macrophagdike THP-1 cells. Additionally, we discovered the immunomodulatory

effect mediated by MS@erived apoptotic bodies. Licensimgpacted the uptake of

ApoBDs by recipient immune cells and importantly altered their phenotypes.

1 This work was publishediemin Wang, Ellen Donohoe, Aoife Canning, Seyedmohammad
Moosavizadeh, Fiona Buckley, Meadhbh A. Brennan, Aideen E. Ryan, and Thomas Ritter.
Immunomodulatory function of licensed human bone marrow mesenchymal strorrdgrbetd
apoptotic bodiednternational immunopharmacology2023; 111096.11096.
10.1016/j.intimp.2023.111096.
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Conclusion: ApoBDs derived from IFN 7*) -licensed apoptotic MSCs
significantly inhibited T cell proliferation, induced more regulatory T cells, and
maintained immunomodulatory T cells but reducedipfammatory T cells.

1. Intro duction

Mesenchymal stromal cells (MSCs) have been reported as very promising
immunomodulatory [1, 2] and artiflammatory [35] therapies, in conditions such as
rheumatoid arthritis, type 1 diabetes and uveitis. Amongst other immunoregulatory
activities, MSCs aainhibit T cell proliferation [6] and alsexpandregulatory T cells
(Tregs) [7]. However, the limited efficacy [8] and immunogenicity problem$2[9
following MSC administration are still critical hurdles that currently impede the wider
therapeutic apptation of MSCs.

The secretome of MSCs consists of soluble factors including growth factors,
chemokines, and cytokines as well as extracellular vesicles (EVs) such as exosomes
and apoptotic bodieApoBDs) [13]. It has been established that the M&Cretome

is immunomodulatory [14.7]. Conditioned medium derived from human amniotic
membrane MSCs was reported to suppress allogeneic T cell proliferation, induce T
lymphocytes with a regulatory phenotype, amdiuce preinflammatory cytokine
secretion [15]. The MSC secretomasmalso shown to inhibit B cell proliferation and
block B cell differentiation, with an increase in the proportion of mature B cells, and a
reduction of antibodyecreting cell formation [16]. Furthermore, through
intraperitoneal injection, conditioned maoh derived from mice adipose MSCs led to
increased induction of Tregs in vivo, together with higher and lower levels of
circulating IL-10 and IL-17 levels respectively, and ultimately ameliorating the colitis

in these treated mice [17].

EVs demonstrate a similéinerapeutic effect to their parental cells {28]. EVs are
small lipid-bilayer delimited vesicles released by almost all cells and have gained
interest in the past years for their elicell communication properties. Based on their
biogenesis, EVs can beategorized into exosomes, ectosomes/ microvesicles or
apoptotic bodies ApoBDs). Exosomes are released from live cells when multi
vesicular bodies fuse with the membrane-23]. In contrastApoBDs or apoptosomes

are producethy apoptotic cells which includes condensation of the nuclear chromatin,
membrane blebbing, and disintegration of the cellular content into distinct membrane
enclosed vesicle®ApoBDs were verified to have the same therapeutic effects as their
parental norapoptotic cells [2€7] on the basis of similar proteomic [27] and
transcriptional [26] signatures. More importantly, it has been reported that MSCs
undergo apoptosis in vivo afterahsplantation [28] which wasequired for their
therapeutic function [29]. Therefore, it is interesting to specuidtether ApoBD
generated in vivo can replace live MSC delivekpoBD therapy (ceHfree therapy) is

of low immunogenicity [382] in theoy and is more convenient for storage and
transportation compared with live cells. Thus far, M@&Eived ApoBDs have been
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verified to be effective in models of wound healing [33] and myocardial infarction [34].
The current study represents the first to investigate the immunomodulatory efficacy of
(licensed) MScderivedApoBDs.

Preactivation or licensing of MSCs, a convenient and effective way to strengthen their
immunomodulatory potential, has been described [35, 36]. First, it was reported that

IFN- D -#iflaRmatory cytokine, can induce MSCs to be more immunomodulatory

[35] through upregulation of Programmed dehipand 1 (PDL1, CD274) [37, 38]

and indoleamine 2;8ioxygenase 1 (IDO1) [39, 40]. Meanwhile, other -pro
inflammatory cytokines such as-IL > @ DQG71) @ ZHUH DOVR VWX
to enhance the potency BISCs. Interestingly, our previous study demonstrated that

licensing with TGF D Q -ibfl@iwhlatory cytokine, also can induce a stronger
immunomodulatory effect of murine MSCs compared to untreated MSCs to modulate

corneal allograft rejection [45].

In addition to their effects on T cells, MSCs and their EVs have also profound effects
on innate immune responses such as activation or polarization of macropha@ls [46
MSCs can promote an atitiflammatory and highly phagocytic macrophage phenotype
through EMMmediated mitochondrial transfer [47]. Moreover, M8€rived EVs alone

can depolarize lipopolysaccharide (LH8Juced preinflammatory macrophages [49].

Herein, we licensed MSCs using TGF -/ 7)) DQG-,)IH IRXQG WKDW ERW
IFN- DQG GXD®D*),)10LFHQVLQJ HQKDQFHG WKH LPPXQRPRCH
MSCs on T cell proliferation. These licensing strategies also strengthened the effect of

MSCs onreducing the expressionof TNFDQG ,E\ 0 PDFURSKNMHIHO 3

THP-1 cells.ApoBDs derived from apoptotic, licensed MSCs led to an inhibition of T

cell proliferation, induction of Tregs, a continuance of immunomodulatory CD73+ T

cells and reduction of activated CD69+ T cells. Lastly, we show that the efficacy of

ApoBDs is at least partly related to their uptake efficiency. These findings suggest

licensing strategies for enhancing MSC immunomodulation and apoptotic body therapy.

2. Materials and methods

2.1 Isolation, culture, and characterization of MSC from human bone marrow

Human MSCs were isolated from the bone marrow of three healthy volunteers at
Galway University Hospital under an ethically approved protocol according to a
standardized procedur@ef. 08/May/14) Written consent was obtained from the
volunteers. Briefly, bone marrow cell suspensions were layered onto a Ficoll density
gradient, and the nucleated cell fraction was collected, washed, and resuspended in an
MSC culture medium. After 24 hours of cultivation, nonadherent cells were removed,
fresh medium was addednd individual colonies of fibroblatke cells were allowed

to expand and approach confluence prior to passage.
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+XPDQ 06&V ZHUH HE®WBO3¢ikBeek, ublin, Ireland) with 1%
penicillin/streptomycin (Sigmaldrich, Wicklow, Ireland), 10% fetal bovine serum
(FBS) (SigmaAldrich, Wicklow, Ireland), and 1 ng/mL FGE (SigmaAldrich,
Wicklow, Ireland).

MSCs were characterized for the expression or absence of specific cell surface markers
(CD73, CD44, CD45, CD90, CD11b and HU2R) by flow cytometry and for their
differentiation capacity. At first, MSCs were harvested and incubated witivamian
antibodes (see Table S1 for additional details) diluted in flow cytometry staining buffer
(FACS buffer). Samples were analyzed using a flow cytometer (Qytakhern
LightsTM 3000). Flow cytometry data were analyzed using FlowJo analysis software
version 10 (Tre&tar Inc.) Differentiation of MSC was performed according to previous
methods [50]. MSCs from three donors (donor 1, 2 and 3) were characterized
respectively.

2.2 Peripheral blood mononuclear cellsRBMC) isolation and culture

PBMCs were isol@d by densitygradient centrifugation from whole blood samples
after written informed consent was obtained from four healthy voluntgersgysity

of GalwayResearch Ethics Committg€)linical Research Ethics Committee, Ref: C.A.
2074) Freshly drawn peripheral blood was collected in 5 mL ethylene diamine tetra
acetic acid (EDTA) Vacutainer® tubes (BD Medical Supplies, Crawley, UK). PBMCs
were isolated by layergn3 mL of anticoagulated blood over 3 mL endotoxmee
Ficoll-Premium (Sigm&Aldrich, Wicklow, Ireland) densitgradient solution in a 15

mL tube. Samples were then centrifuged at 400 g for 22 mins at 18€. Using a plastic
Pasteur pipette, the visbH 3EXII\ FRDW" OD\HU RI PRQRQXFOHDU
PBMCs were transferred into fresh 15mL tubes, washed twice with 10mL DPBS
(ThermoFisher Scientific) and centrifuged at 400 g for 5 min at 25 €. The total number
of live cells was determined by TrypBtue exclusion.

PBMCs were cultured in RPM1640 medium (BioSciences, Dublin, Ireland) with 1%
penicillin/streptomycin (Sigm&ldrich, Wicklow, Ireland), 10% fetal bovine serum
(FBS) (SigmaAldrich, Wicklow, Ireland).

2.3 Cytokine licensing

After the plastic adherence of MSCs (density: 3.7~4.2 xidIs/ T175 flask ), the

medium was removed and replaced with basal medium containing single recombinant

human cytokines such as 50 ng/mL TGF QJ PL{ 1 QJ P/-7T1DQG
50ng/mLIFN RU D FRPELQDWLRQ RI DQ\ WZR R(lMag¢H DIRUHPH
SHSURWHFK IRU D SHULRG RI KRXUV &HOOV ZHUH WK
phosphatéuffered saline (DPBS) (Thermo Fisher Scientific) and usedilisequent

assays. MSC of passgone to five were used in this study. Nicensed MSC was

called naie MSC in the later chapters.
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2.4 Macrophagelike THP-1 cell culture

THP-1 cells and human peripheral blood cells were cultured in REGM0 (Sigma
Aldrich, Wicklow, Ireland) with 10% heabhactivated FBS (Thermo Fisher Scientific,
Dublin, Ireland), 1% LEGlutamine (Sigmd&Aldrich, Wicklow, Ireland), and 1%
penicillin/streptonycin (SigmaAldrich, Wicklow, Ireland).

THP-1 cells were incubated with 100 ng/mL PMA (Sigalarich, Wicklow, Ireland)

for 24 hours to differentiate macrophage THP-1 cells. After 24 hours, the
differentiated macrophagée THP-1 cells were attached to the flask. After washing
off the suspnded undifferentiated cells, macrophdige THP-1 cells were incubated
with LPS (100 ng/mL) (Sigmaldrich, Wicklow, Ireland) and IFN QJ P/
(Peprotech, London, UK)) for another 24 hours to induce M1 macropeg®dH 0 3
THP-1 cells.

2.5ApoBD preparation and characterization

ApoBD isolation was optimized from previous studies [33, 34, 51]. Firstly, MSCs were
treated with staurosporine (SighfO GULFK :LFNORZ ,UHODQG DW X
LQGXFH DSRSWRVLVY 7KH VXSHUQDWDQW ZDV FROOHFWH
DW te fefnove cells and debris. Then, the supernatant was further centrifuged at

J IRU xPLQ DW xf& DQG WKH SHOObMeresIDV ZDVKH
saline (PBS). The washing fluid was also collected. The isolAf@aBDs were
VXVSHQGHG3Y® D@E VWRUHG DW ix xf& DQG XVHG XS ZL

For ApoBD characterization, we chose to analyze [PDbecause PI.1 was found to
be highly expressed in IFNlicensed MSCs [37, 52] and P is known for its
immunosuppressive effect [53, 54JpoBDs derived from three different human donor
MSCs were suspended in FACS (DPBS supplemented with 1% FBS and 0.05% sodium
azide) buffer and incubated with PerCP/Cyanine5.5tanmtian PBL1 (Biolegend,
California, USA) for 30 min. After staining, the sample wastrifuged at 16000 g for
xPLQ DW xf & sWiRedSHdaEDE Héh, Bldined poBDs were resuspended
in fresh FACS buffer for analysis using the Northern LightsTM 3000 flow cytometer
(Cytek). The total protein contentApoBDswas quantified by using the Bicinchoninic
acid assay (Thermo Fisher Scientific, Dublin, Ireland) after lysed by RIPA lysis buffer
(PierceE Thermo Fisher Scientific, Dublin, Ireland). The size AgpoBDs was
DVVHVVHG WKURXJK WKH = HolNsBrivplepshdte fikédl QnR2% BFA /
and incubated on 200 mesh gold formvar carbosted electron microscopy grids
(Aquilent) for 20 mins to allow attachment. Samples were incubated with 1%
glutaraldehyde (Sigma) followed by negative staining with 2% phosphotungstic acid
(Sigma) for 15 seconds. Samples were analysed using a Hitachi 7500 electron
microscope, at a magnification of 50,8600or wide-field view, 100,008 for
morphological assessment, all at an accelerating voltage of 75kV.

2.6 PBMC/MSC & PBMC/ MSC-ApoBD assay
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PBMCs were stained with the CellTra@eViolet proliferation kit (Thermo Fisher
6FLHQWLILF 'XEOLQ ,UHODQG DFFRUGLQJ WR WKH PDQ X
well-round bottom plates (Sarstedt) at a concentration of >LXMH O O V /I RI
complete medium with or without 2xt@uman FActivator CD3/CD28 Dynabeads®

(Thermo Fisher Scientific, Dublin, Ireland). In the T cell proliferation assay, “1x10

beads were used. PBMCs were subsequentiguttared with MSCs as depicted in

Figure 1A. MSCs were adddd wells of lymphocytes at a concentration of 1%10

FHO O\ (ratio of 1:10 MSCs: lymphocytes). MSCs from three donors and PBMCs

from three or four donors were used in this assay.

To assess the impact &jpoBDs RQ 7 FHOO SUROLIHUDWLRQ

ApoBDs were incubated with PBMCs. For the rest of the assessmeépaifDs on

PBMCs, 500 ngApoBDs were incubated with PBMQApoBDs IURP GRQRU ¢V 06&
and PBMC from three or four donors were used.

After 96 hours, cells were harvested and incubated withhamtian antibodies (see
Table S1 for additional details) diluted in FACS buffer. eBiosci€kdptracellular
Fixation & Permeabilization Buffer Set (Thermo Fisher Scientific, Dublin, Ireland) was
used for FOXP3 staining. Samples were analyzed using a flow cytometer (Cytek). Flow
cytometry data were analyzed using FlowJo analysis software versifirekd Star

Inc.)

2.7 THP-1/MSC & THP -1/ MSC-ApoBD assay

Human THR1 cells have been shown to serve well as a model for primary human
monocytes/macrophages [55]. We used THEelldifferentiated macrophages to
study the effect of MSCs/MS@erivedApoBDs on macrophages.

25X10°0 3 7+Bcellsand5x1606&V RU ApoBFs)were J
seeded into a 24vell plate. 48 hours later, cells were harvested and incubated with anti
human antibodies (see Table S1 for additional details) diluted in FACS buffer.
eBiosciencdE Intracellular Fixation & Permeabilization Buffer Set (Thermo Fisher
Scientific, Dublin, Ireland) wasusedfor TNFD Q&6 ,NWDLQLQJA®BBsY DQG
from three donors were used in this assay (Figure 1E). In addition, 25 x10
macrophagdéike THP- FHOOV ZHUH L Q FAXdeEDAbItEst Zhie \Bakety. 48

hours later the cells were harvested and stained by Ann¥ximnd sytox
AADVANCED.

2.8 ApoBD uptake assay

ApoBDs were suspended in FACS buffer and incubated with CellT#a€&FSE
(Thermo Fisher Scientific, Dublin, Ireland) for 30 min. After staining, the sample was

FHQWULIXJHG DW J IRU xPLQ@pDBD. Staih@dAWOBDS HOOHW W
were resuspended in fresh MSC basal medium or PBMC medium for 5 min at 37C.
7TKHQ WKH VDPSOH zZDV FHQWULIXJHG DW J IRU x P

80



CHAPTER 2: Immunomodulatory function of apoptotic bodies

ApoBDs and the unbound dye was removed. Finally, the C&&mhedApoBDs were
suspended in fresh THPor PBMC medium.

For PBMC uptake assessment ApoBDs, 1X1.0° PBMCs were seeded in the-gll

round bottom plate. 50 ng or 500 AgoBDs stained with CFSE were incubated with
PBMC for 8 hours or 24 hours respectively. Cells were then washed three times with
PBS and analyzed using a flow cytometer (Cyté§)oBDs from three donors and
PBMC from three or four donors were used in this assay.

YRU DVVHVVPHQWcdl pbhag8cyTosid3 oApoBDs, 1x1.0° macrophagdike
THP-1 cells were seeded in a-9&ll round bottom plate. After they were differentiated
into an M1 phenotype, 400 igpoBDs VWDLQHG ZLWK &)6( ZHUH LQFXEDYV
THP-1 cells for 8 hours. For the blocked uptake assay, M1 cells were incubated with
0 ZRUWP D Q Q-Al@riche WicRl@w, Ireland) 30 minutes (based our previous
pilot study) prior to the incubation with CF&ained ApoBDs. In this assay, the
incubation time withApoBDs was also 8 hours (without wortmannin). Cells were
washed three times with PBS and analyzed using a flow cytometer (Cytek). For
immunocytochemistry staining, 2 hours following #hpoBD incubation, cells were
fixed with 4% paraformaldehyde (PFA) (Thermo Fisher Scientific, Dublin, Ireland) for
15 mins and permeabilized with 0.1% Tritorl&0 (SigmaAldrich, Wicklow, Ireland)
for 15 mins. Then the permeabilized cells were stained with D¢@Rilegend,
California, USA) and Flash PhalloidiRed 594 (BiolegendZalifornia, USA). The
pictures were captured through the Olympus CKX53 microscope and analyzed with
cellSens imaging softwarépoBDs from three donors were used in this assay.

2.9 Statistics

Data are presented as mean = SD. Most comparisons between groups were done by
oneway analysis of variance (ANOVA) with Tukey's multiple comparisons test.

ApoBD immunomodulatory effects on T cell proliferation (Figure -BB was

performed by twezD\ $129% ZLWK 6LGDNfV PXOWLSOH FRP
Differentiation capacity (supplementary material 1 D ands/i@Rility (supplementary

material Figure 4) andlocked uptake assay (Figure 6H) was performed bytailed

unpaired ttest. Differences were consideregdrsficant for p < 0.05. Statistical analysis
wasperformed using GraphPad Software (8.0TRe donor heterogenicity details was
summarized in supplementary material Table 2.

3. Results

3.1 Characterization of human MSCs

MSCs from three healthy donors were used in this study. Flow cytometry was used to
identify protein expression on the cell surface of MSCs (supplementary Material Figure
1A (positive markers) and supplementary Material Figure 1B (negative markers)).
CD90,CD73 and CD44 were all highly expressed on MSCs from all of the donors, in
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contrast, CD11b, CD45 and HEBR were all absent. The differentiation capacity
(adipogenic and osteogenic) of MSCs from all three donors was verified as shown in
supplementary material Figure 2FC All the MSCs can differentiate into adipocytes
and osteogte/osteoblasts.

3.2 Licensing of MSCs withpleiotropic and proinflammatory cytokines inhibited
allogeneic T cell proliferation in MSC-PBMC co-cultures

For the licensing strategy, we chose plaotropiccytokine, TGF DQG WKUHH SUR
inflammatory cytokines IL 7%) DQG-,)Ir*) ZDV VKRZQ LQ RXU SUHY
study to induce stronger immunomodulatory murine MSCs compared to untreated

MSCs to modulate corneal allograft rejection [45]. Furthermor¢h&aforementioned
pro-inflammatory cytokines, sole licensingoflIL > @ -7%) @ RU>)1I@ FDQ
inducean antrinflammatory and immunomodulatory MSC phenotype. However, the
combination of theseytokines was included here to investigate a potential synergistic

effect. MSCs and allogeneic CD3/CDa8tivated peripheral blood mononuclear cells

(PBMCs) were cecultured to evaluate their efficacy in a T cell proliferation assay

which is widely useda test the immunomodulatory potency of MSCs [38, 45, 52].

The results of caulture assays of allogeneic (PBMCs) and licensed MSCs are

presented in Figure 1. Flow cytometry gating strategy for identification of proliferated

total T cells (CD3+), effector CD4+ T cells (CD3+/CD4+) and effector CD8+ T cells
(CD3+/CD8+) are shown in supplementary Material Figure Bfyure 1A described

the MSC/PBMC ceculture protocolAs shown in Figure 1B, C and D, both naie and

licensed MSCs inhibited the proliferation of CD3+, CD3+CD4+ and CD3+CD8+ T

cells. In particular, IFN 1@ dual TGF ,)1 OLFHQVLQJ KDG D YHU\ SL
inhibitory effect on T cell proliferation. Notably, sole licensing with FGF R U- ,/

alone appears to weaken the immunomodulatory effect of MSCs, despite our finding

that TGF OLFHQVLQJ H@unDripBHEYOrWWEpECity of mice MSCs in vitro

and in vivo [45]. Nevertheless, its combination with fFNIXUWKHU VWUHQJWKH (
originally strong inhibitory effect of IFN OLFHQVLQJ DQG WKH GXDO WUH
synergistic effect. TNF. O L F H Q Vthi@sIh® @igligal immunomodulatory effect of

MSCs.

3.3 Licensing of MSCs with proinflammatory and pleiotropic cytokines reduced
0 3 7+3 cellexpressionof TNF. DQG ,/

Next, we investigated the effect of MSiCensing on innate immune cell activation,
namely macrophages and their capacity to expressffammatory cytokines TNF.

and IL- 7 +B cells, as a human leukemia monocytic cell line, have been
extensively usg@ to study monocyte/macrophage functions [55, 56]. An M1
macrophageOLNH 0 31 célirrBodel was established to investigate the effect of
MSCs on reducing THR expression of prinflammatory cytokinegFigure 1E) The

gating strategy is shown in supplentary Material Figure 2B. TNF DQ& ,SURWHLQ

expression were detected through intracellular staining and flow cytometry analysis.
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For TINF. SURWHLQ H[SUHVVLRQ ZH IRXQG WKDW QDwYH 0¢
production by THPL cells at the ratio of 5:1 (THE. MSC). However, licensing of
MSCs achieved immunomodulation. Although the sole use oF TGFG LG QRW OHDG W
the inhibiton ¢ TNF-. H[SUHVVLERQFRPELQHG ZLWK DQ\ RWKHU
suppressed TNk H[SUHVVLRQ )LJXUH ) ,QWHUHVWLEQJO\ OLFI
SOXV RU 71)VWURQJO\ UHBKFHHEVYLRQ 2WKHU OLFHQVI
including TNF. DQG-724J)1 NHSW WKH RUWHYE®@DO ,®1pmxPG 7*)
IFN- OLFHQVLQJ PD\ HQKDQFH WKH FDSDH[®VHMVQLR&KY W
Regarding modulation of L SURGXFWLRQ E\ OLFHQVHG 06&V ZH
only licensing of MSCs with IL  ,)1 DQGF-7212)1 OHG WR D VLJQLILFI
inhibition. Neither nale nor other tested licensing strategies seem to be able to
modulate I~ S U R G ¥fFWE-Rd@Ils (Figure 1G).
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Figure 1. The immunomodulatory efficacy of mesenchymal stromal cells (MSCs) can

be strengthened by anti/pioflammatory cytokines licensing. A. Schematic depicting

the experimental setp of MSC/peripheral blood mononuclear cell (PBMC) co

cultures. BD. Percentage of proliferated CD3+, CD3+/CD4+ and CD3+/CD8+ T

cells. All groups, except the unstimulated control, were stimulated with Human T
Activator CD3/CD28 DynabeadE. Schematic illustrating the experimental overview

of MSC/THP1 coculturing assay. . TNRF. DQG ,H[SUHVVLRQ BRI 0 3 7+3
cells after being treated with MSCs. Relative fluorescence intensity (RFI) in F and G

ZDV QRUPDOL]H@&E deNs,0ntdctyiglse control group. Flow cytometry was
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used to assess the proliferation and protein expression. Representative results of three
or four (as dots shown) independent experiments are shown £SD and analyzed by one

way ANOVA with Tukey's multiple comparisons test. 0.05; **: p 0.01; ***: p o#
0.001.

In summary, IFN DQG-7*))1 OLFHQVLQJ ZHUH DEOH WR HQKDQ
effect of MSCs on allogeneic T cell proliferation. In addition, FTGF DQG-,)1

licensing enhanced the ability of MSCs to reduce-ipflammatory cytokines
H[SUHVVHGHE\. Uh&efore, these two cytokines were used to prepare licensed
ApoBDsin the subsequent experiments.

3.4 ApoBD characterization

In the subsequent experiments, only TGF ,)-1 DQG WKHLU FRPELQDWLRQ .
to stimulate the MSCs. We prepared naie and licensed Mi8Gved ApoBDs as

shown in Figure 2A and as previously described [33, 34]. Flow cytometry was used to
characterize apoptosis (Sytox AADCANCEBNnnexinV+) of MSCs and the PID1

expression oMpoBDs derived from apoptotic cells.

For ApoBD preparation, at the end of the isolation procedure, the washing fluid was
collected to confirm that oukpoBD sample did not contain any staurosporine traces
or that the staurosporine concentration was not sufficient to induce apdpigsie
2B). In subsequent experiments (See T cell proliferation assay AgidgDs), we
detected T cells with strong proliferative ability in theesence of our TGF  $ %
sample, which also shows that the staurosporine chpaBD samples iseryless and
not enough to induce apoptogiagure 3BD). We also tested if treatment of MSCs
with cytokines may induce apoptosis. As Figure 2B shows, staurosporine induced
apoptosis in MSCs as expected. Neithertpgatment of MSCs with cytokines nor
incubation of fresh MSCs with washing fluid from staurogpstreated MSCs induced
apoptosis, which suggested that odpoBD sample did not contain residual
staurosporine. A Bicinchoninic acid protein (BCA) assay was performed to quantify
the protein yield of each group ApoBDs (Figure 2C). 24our licensing with TGF

,)-1 RU ERWK G LAPoBDR/Id. 0L XI0A el or licensed human MSCs
SURGXFHG DSSURJ[ABBM HO®AnalyzeApdBDs, we used the Cytek
flow cytometer which can sensitively detect small particles [57].

The gating strategy &poBDs LV VKRZQ LQ )LJXUH ' :LiNjektioN,KH HTXDO
94 particles from FACS buffer and 1910 particles from the 16000 g pellet of
conditioned medium were recorded in the A gate. This suggests that there are some
particles in FACS buffer and a conditioned medium having similar size and granularity

with ApoBDswhich cannot be excluded by the current strategy. They might be EVs or

other protein impurities. Nevertheless, a significantly higher quantity, 13798 particles

of ApoBD size and granularity, from 16000 g pellet of apoptosis medium were recorded
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We found that IFN -licensed MS@&erivedApoBDs (IFN- ApoBDs, pellet of IFN
apoptosis medium) highly expressed-BD (Figure 2E), which was consistent with
previously reported datathat IFN OLFHQV L QJ X-81ad MSCs[BR, BBY53).

In addition, we also measured the size of both naie and cytelkbeasedApoBDs.

We show that the majority éfpoBDsare larger than 500 nm and there is no significant
difference between both naie and licensedoBDs. The size oApoBDs, asmeasured

by zeta potential and size analyzer is shown in Figure 2F and G. And we finally
visualized theApoBD by transmission electron microscope as shown in Figure 2H.
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Figure 2. Preparation and characterization of apoptotic bodiépoBD3. A.
Experimental overview &poBD induction and isolation. B. Characterization of MSC
apoptosis. Flow cytometry was used to assess the percentage of apoptotic cells
(Annexin V+/Sytox AADVANCEP C. Yield ofApoBDs by quantifying the protein via
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bicinchoninic acid (BCA) assay. D. Gating strategypafticles of ApoBD size and
JUDQXODULW\ ZLWK HTXDO /| LQMHFWLRQ RI HDFK JUR:
PD-L1 expression assessed through flow cytometr(a. Hhe size distribution of

ApoBDs was assessed through Zeta Potential Analytér.The representative

transmission electron microscope imageApoBD. Representative results of three

independent experiments are shown £SD and analyzed bywayanalysis of variance

with Tukey's multipleamparisons test. *: p0.05; **: p 0.01; ***: p 0.001.

3.5 MSGCderived ApoBDs inhibited allogeneic CD3+, CD3+/CD4+ and
CD3+/CD8+ T cell proliferation

Next, we investigated iApoBDs derived from either nafe or licensed MSCs can
modulate T cell proliferation. PBMC incubation with various amounspamBDs was
performed as shown in Figure 3A. The gating strategy is shown in supplementary
Material Figure 2A. Total proliferated T cells (CD3+ T cells) were quantified (Figure
3B). We found a strong inhibition of T cell proliferation when treated with eithgenai
ApoBDs or ApoBDs from TGF ,)1 OLFHQVHG 06&V 6ROH OLFHQVLQ
but not TGF DOVR VKRZHG D VWU Ewd wheénhKricibaWMidrRBME | | H F
with a low dose of naie or TGF ,)1 ApoBDs, hardly any proliferating T cells

were detected. This very strong inhibitory effect was also seen on CD4+ effector T cells
(Figure 3C) and CD8+ effector T cells (Figure 3D). In other words, in the presence of
either nale or TGF ,)1 ApoBDs, T cell proliferation is strongly inhibited.

When analyzing the inhibitory effect resulting from the lowest dose of 1208Ds
(Figure 3EJ), both naie and dualicensedApoBDs have a strong inhibitory effect on
CD3+, CD3+/CD4+ and CD3+/CD8+ T cell proliferation. Even though the proliferated
cells percentage caused by dle¢nsedApoBD was lower compared with nale
ApoBD, it did not reach statistical significance. While FGFApoBDs and also IFN

ApoBDs individually significantly inhibited the CD3+ and CD3+/CD8+ T cell
proliferation, the inhiiory effect caused by these two licensing treatments was
weakened compared to naidpoBDs. TGF OLFHQVLQJ DEURJDWHG WKH
effect of ApoBDs on T cell proliferation. In summarypoBDs from both nafe and
duatlicensed MSCs had a strong immunomodulatory effect on T cell proliferation even
at a very low dose (125mgpoBDs: 10° PMBC).

88



CHAPTER 2: Immunomodulatory function of apoptotic bodies

Figure 3. Mesenchymal stromal cell (MS@grived apoptotic bodieg\poBD3 inhibit
allogeneic T cell proliferation. A. Schematic of the experimental overvid\paiD
/PBMC T cell proliferation assay. All groups, except the unstimulated control, were
stimulated with Human -Activator CD3/CD28 Dynabeads.-B. Percentage of
proliferated CD3+, CD3+/CD4+ and CD3+/CD8+ T cells when treated with each
group of ApoBDsin a gradient concentration. -65. Representative histograms of
Cdltrace Violet (CTV) of CD3+, CD3+/CD4+ and CD3+/CD8+ T cells when treated
with 125 ng ApoBDs in each group. HJ. Percentage of proliferated CD3+,
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CD3+/CD4+ and CD3+/CD8+ T cells when treated with 125 ng each groupoBD.

Flow cytometry was used to assess the proliferation. Representative results of three
independent experiments are shown +SED Biere analyzed by analysis of tuay
$129% ZLWK 6LGDNYV P XOW LISverelafay 28 by nexyrRudalsiy/ HV W
of variance with Tukey's multiple comparisons test. *0®5; **: p 0.01; ***

p 0.001.

3.6 Nale and dual-licensed MSCderived ApoBDs increased the percentage of
Treg, maintained the frequency of CD73+ immunosuppressive T cells and
lowered CD69+ activated T cells.

Next, we investigated if incubation of PBMCs wifpoBDs modulated the T cell
phenotype. At first, the percentage of Tregs after incubating PBMCApitBDs was
investigated. Tregs are a specialized subpopulation of T cells that act to suppress the
immune response, thereby maintaining homeostasis andoksetince. For the
detection of Tregs induced BypoBDs, the gating strategy is shown in supplementary
Material Figure 2C. The result (Figure 4A and D) of this experiment was consistent
with the T cell prdiferation assay shown in Figure 3. Both nafgoBDs and TGF

, ) 1 ApoBDsinduced a higherequencyof Tregs and the Treg induction by TGF

, )1 ApoBDswas slightly stronger than nai&poBDs.

For the detection of T cell activation markers, the gating strategy is shown in
supplementary Material Figure 3A. CD73 is an immunosuppressive marker, which can
degrade adenosine triphosphate to adenosine and initiat@ftartimation [58, 59].
CD69 is amctivation marker of T cells involved in the production o2l TNF. D QG
nitric oxide [60]. Our results show that no modulation of CD73 expression was detected
between the different groups or compared to controls (Figure 4B and E). However,
ApoBDs significantly reduced thérequencyof CD69+ T cellsin total CD3+ T cells
(Figure 4C and F), which may indicate a reduced activation of T cells. Moreover, the
reduction in CD69 expression by naie and sole licendgdBDs is more pronounced

than with dual licensedpoBDs.

In summary ApoBDs were able to inhibit allogeneic T cell proliferation at a very low
dose. They induced a highfeequencyof Tregs which can be further enhanced by dual
TG~ ,)1 OLFHQVLQJ , BPOBB ) hhaimain€d) e frequency of
immunosuppressive CD73+ T cells but at the same time reducddetheencyof
activated CD69+ T cells.
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Figure 4. Nale and duallicensed mesenchymal stromal cell (MSigjived apoptotic
bodies ApoBD3$ altered the T cell immunomodulatory subtypeC. Representative
pseudocolor plots of FOXP3/CD25+ cells (Tregs), CD73+ T cells and CD69+ T cells.
D-F. Percentage of Tregs, CD73+ T cells and CD69+ T cells. Flow cytometry was used
to assess the cell subtype. All groups, except the unstimulated caet®Istimulated

with Human TFActivator CD3/CD28 Dynabeads. Representative results of three
independent experiments are shown + SD and analyzed byvaneANOVA with
Tukey's multiple comparisons test. *:(p05; **: p 0.01; **: p 0.001.

3.7 ApoBDs were primarily taken up by CD14+ monocytes in PBMC and IFN
licensing may impedeApoBD uptake.

To better understand the immunomodulatory mechanisApoBDs we studied the
potential uptake cApoBDsby PBMCs. The gating strategy is shown in supplementary
Material Figure 3B. Two models were established to investigate this in detail. Firstly,
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(Figure 5A, short time model) using a low doseA@bBDs, we observed that CFSE+
stainedApoBDs were preferentially phagocytosed by CD14+ monocytes in the PBMC
population (Figure 58C). When incubating 50 nrgpoBDs with PBMC, after 8 hours,
about 8% of CD14+ monocytes were CFSE+, indicating ~8% of monocytes
phagocytosedpoBDs. In contrast, only approximately 1.5% of CDAZD3- cells had

taken upApoBDs, andApoBDs were rarely taken up by CD3+/CDL% cells. In this
shorttime and lowdose assay, T cellsdlinot phagocytos&poBDs. Therefore, to
clarify whether T cells can also take ApoBDs, we extended the time and also used a
higher dose (Figure 5A, long time model). The uptake capacity of each PBMC subtype
of differentApoBDs was also quantified in this model. When incubating PBMCs with

a high dose oApoBDs for an extended period (24h), all subpopulations of PBMCs
became CFSE+, indicating that all cells are able to takéAp@BDs, including
CD3+/CD14 T cells, CD14+/CD3monocytes and CDXCD3- cells Figure DF).
Interestingly, the CFSE MFI of cells treated with FipoBDswas the lowest (Figure

G-1), indicating that IFN  OLFHQVLQJ PD\ LPSHGApBUKH XSWDN
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Figure 5. Uptake of apoptotic bodiesgoBD9g by peripheral blood mononuclear cells
(PBMC). A. Experimental overview&ApoBD uptake assay showing thapoBDswere
labelled with CFSE before treatment onto PBMCs. All groups were stimulated with
Human TFActivator CD3/CD28 Dynabeads. B. Representative pseudocolor plots of
CFSE (Carboxyfluorescein succinimidyl ester)+ cells. C. Percentage of CFSE+ cells.
D-F. Representative histograms of CFSE level in CD3+/Cbtélls (T cell), CD3
/CD14+ cells (monocyte) and CBED14 cells (other cell). . CFSE medin
fluorescere intensity (MFI) of CD3+/CD14 cells (T cell), CDICD14+ cells
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(monocyte) and CBBCD14 cells (other cell). Representative results of three or four
(as dots shown) independent experiments are shown +SD and analyzedwegyone
ANOVA with Tukey's multiple comparisons test. *0j05; **: p 0.01; **: p 0.001.

3.8 TGF ApoBDs were the most efficient at reducing TNF. DQG- ,/
HISUHVVLRQ E\1§ Wwhigh+Bay attribute to their high uptake
efficiency.

6R IDU ZH VKRZHG WKDW 06&V KDYH DQ LPRXa)IRPRGXODMW
and described the potential of monocytes to phagocytpsBDs. We also wanted to
investigate the effect #poBDs RQ 0 3 7lic8lls and uptake efficacy.

The ApoBDs/THP-1 assay was performed as shown in Figure 6A. As shown in Figure

6B-D, ApoBDs had a strong effect on downregulating protein expression of both TNF
DQG ,/ ,QWHUHVWL 8pbBDs aidd YGF , )-1 ApoBDs were the

most effective. The sole use of IFNVKRZHG D UHODWLYHO\ VWURQJ HII

no benefit compared with naidpoBDs. Finally, the uptake cApoBDs E\ 0 3 7-+3

1 cells was studied. At first, through immunocytochemistry staining, Figure 6E showed

0 3 7+3B cells are phagocytosingpoBDs 7KH 0 3 -I7 eglls were also

analyzed by flow cytometry for more quantitative detection. As demonstrated in Figure

6F and G (gating strategy supplementary material Figure 3B), ApBDsand TGF
ApoBDswere more phagocytosed to a higher extent after 8 hours compared to IFN
DQG-,)1*) ApoBDs, which was consistent with our previous result on

PBMC/ ApoBDs up-take assay. This may also be the reason why-TGApoBDs

ZHUH WKH PRVW HIIHFWLYH celQexprés&ng po@dmmdadry? + 3

cytokines. In the blockedptake assay, wortmannin was used to study the uptake

mechanism. As shown in Figure @Hwortmannin blocked the uptake significantly.

Because wortmanmn is a phosphoinositidednase inhibitor [61] which is relevant to

the phagocytosis of large particles [62], this assay suggests that the upgoBDE

is partly dependent on the phosphoindsit3kinase pathway at lealt.addition, 2.5

x10° macrophagdike THP- FHOOV ZHUH LQFXE D WpbBDsZth®V K J QD

highest ratio in this chapter) to test whether AppBDs are cytotoxic. As shown in

supplementary material Figure 4, compared with the control grop@BDs did not

induce low viability and apoptosis, which indicates ApoBDs are not cytotoxic.
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Figure 6. Effect of apoptotic bodieAgoBDg on M1 macrophageDOLNH 0 31 7+3

cells expression of prmflammatory cytokines. A. Experimental overview of THP

incubating withApoBDs B. TNF. DQG H[SUHVVLRQ R Icels 3vhén+ 3

treated with a gradient dosage ApoBDs C-D. TNF. DQG HM[SUHVVLRQ RI 0 3
THP-1 cells when treated with 5000 #gpoBDs E. Immunocytochemistry staining

95



CHAPTER 2: Immunomodulatory function of apoptotic bodies

SLFWXUH R-LWhénineuBating CFSEtainedApoBDsfor 2 hours. FG. CFSE
IOXRUHVFHQW L Q WIlHtalyafter indulbabnBCFSERinedApoBDs for 8

hours. HI. CFSE fluorescent of blocked uptake assay. The relative fluorescence
LQWHQVLW\ 5), LQ % DQG ' ZHUH QRUPDOL]JHG-E\ WKH FR
1 cells. Protein expression was assessed through flow cytometry. Representatwe result

of three independent experiments are shown +SD and analyzed lwyagn&@NOVA

with Tukey's multiple comparisons test. *:qu05; **: p 0.01; ***: p 0.001.

4. Discussion

The T cell proliferation assay is probably the most commonly used method to assess

the immunomodulatory potency of MSCs [63, 6H].the MSC/PBMC ceculture

assays, we verified that IFN DQG GXD®*))1OLFHQVLQJ VWUHQJWKF
inhibitory effect of MSCs on T cells. This is the crucial reason why the subsequent
experiment also continued the work of TGHIFN- OLFHQVLQJ HYHQ LI \
combination is merely a relatively powerful one in MSC/macrophagriltore assay.

Interestingly, sole TGF O L lgldd\hbt have the same inhibitory effect (Figure 1B,

C and D) which is different to what we have previously observed in the mouse [45].

When we used\poBDs instead of MSCs, the strong inhibitory effect by dual 4FN
7*y OLFHQVLQJ ZzDV PDLQWDLQHG DV ZHOH AMHKQH MQUH Q G
Interestingly, IFN OLFHQVLQJ GLG QRW HQKDQFH WKH LPPXQRHF
ApoBDs compared tcApoBDs from naie MSCs (Figure 3C, E and F) which was
unexpected. We expected that each qpgtikinelicensed ApoBD would have a
similar effect as their parent cells, but we found that both solee TGED QG- ,) 1
licensedApoBDs had a reduced inhibitory effect orcé&ll proliferation, compared with
naie ApoBDs. We suggest that the low phagocytosis of {FNpoBDs resulted in a
reduction of the originally strong effect (Figure 5F). If the uptake efficiency of IFN
ApoBDswere as high as that of naidpoBDs, they may inhibit the T cell proliferation
to a greater extent. With regards to FTGF O L F HAQoBBiSGwe believe that their
effect is weak because the effect of FGFlicensed MSC was weak. Therefore, even
if phagocytosis of TGF ApoBDs was high, this mightantribute less. In summary,
we speculate that IFN ApoBDs should have strong effects on inhibiting T cell
proliferation but the effects were weakened by their low uptake (Figure 5G}. TGF
ApoBDs have a weak effect on inhibiting T cell proliferation as TGHicensed cells
(Figure 1BD), so even if their uptake is high, their effects are weak- IFN *)
ApoBDshave a slightly strengthened effect than nd@ipoBDs because this combined
licensed strategy both has strengthened biological effect from IRKLFHQVLQJ )LJIXUFL
1B-D) and keeps intermediate uptake from FGHicensing (Figure 5G).

Previous studies have found RD is upregulated in IFN-licensed MSCs [37, 52].
We found PDBL1 is also upregulated in IFNHicensed MSCGderivedApoBDs. This
consistent protein expression of molecules in the vesicle membrane and the cell
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membrane is common in engineered EVs [65] and exosomes [66]. Our result
demonstrated that IFN ApoBDs retain the high PEL1 upregulation of their parental
MSC. Furthermore, based on the current gating strategy, other interfering particles of
ApoBD size and granularity caused by conditioned medium (like Figure 2D middle)
might result in PBL1 false positive high PIL1 readings. However, we tested these
particles and confirmed that they are-BDlow (Figure 2E).

It is reasonable to speculate that licensing probably influences the uptake because this
present and previous study has shown that licensing can alter the expression of the
membrane surface proteins [37, 52]. This alteration of protein expression may be
retained in theApoBDs, and thus through protein binding to the target cell may affect
the uptake. Staurosporine is widely used to induce apoptosis and gkepBies [33,

34, 67]. Three main results reveal that odpoBD samples did not contain
staurosporia or that the concentration was negligible: 1) the washing fluid, which was
obtained by washing th&poBD sample, did not induce apoptosis (Figure 2A).; 2) the

T cell proliferation caused by TGF ApoBDs was robust, suggesting there is no
residual staurosporine inside tApoBD (Figure 3B); 3) large dosage ApoBDs did

not result in THPL apoptosis and low viability (supplementary material Figure 4).

We reported that all groups of licenskgoBDs maintain the expression of CD73 but
downregulate CD69 on T cells. CD73 can degrade adenosine triphosphate to adenosine
and reduce inflammation [58, 59]. The adenosinergic immunosuppression pathway is
crucial [68, 69]. For example, CD73+ T cells or theitsBvere reported to be available

to CD4+CD39+ Tregs for the production of immunomodulatory adenosine [70]. In
addition, in an inflammatory model caused by Trypanosoma gondii, CD73 was
downregulated which redudeadenosine [71]. This verified that CD73 may be
downregulated during inflammatio@D69 is considered an activated marker of T cells

on both preand antiinflammation [72, 73]. For prinflammation, CD69+ T cells were
poised for the high production of pnaflammatory cytokines [74]. The increase of
CD4+/CD69+ T cells possibly representaflammation [75] and aggravates
autoimmune disease [76, 77]. Moreover, the-aritammatory function of CD69 is
often linked to Tregs. It was reported that CD69 exjoess required to maintain the
immune tolerance mediated by Foxp3+ Tregs [78]. And CD69 enhanced the
immunomodulatory function of Tregs [79] and reduce the immune damage [80].

$ QHZ 0 3 -T+cBltbased model was established to investigate the
immunomodulatory potential of MSCs and th&poBDs, which was also inspired by

the direct interaction between monocyte [81] /macrophage [48, 82] and MSCs. We
concluded thaApoBDswere mostly phagocytosed by monocytes and less so by T cells.
By quantifying the expression of pmflammatory cytokines TNF. DQG ,/ WKLV
model is very valuable to detect the immunomodulatory effects of MSE&paBDs.

We found that sole licensing with TF HQKDQFHG WKH FDSDFLW\
ApoBDs WR P R G X O D WH cdlls3 Sir#ta8ly, withApoBD inhibiting T cell
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proliferation, we speculated that each kind\pbBD has a similar effect as their parent
cell. In other words, sole TGF R U - )ApoBDs should be more effective to affect
M1 polarization than nale ApoBDs because both TGF DQG-,)DLFHQVLQJ
enhanced the effect of MSCs on M1 polarization. However, we observed that IFN
licensing weakened this effect ApoBDs. We speculated that the low uptake efficacy
of IFN- ApoBDs limited its originally powerful effect (Figure 6G). On the contrary,
the high uptke of TGF  ApoBDsenhanced its originally powerful effect. Therefore,
we conclude that TGF ApoBDs were the most favorabl&poBD to reduce pro
inflammatory cytokine expression. In terms of combined licensing of IFRQ G -7 *)
WKH HIIHFW ZzDV WKH VDPHKEBHWK V.RIOHSHHXODWHG LQ
the strengthened effectof TGF LV YHU\ VWURQJ VR kékKdbddd WyKH UHGXF
IFN- KDV OLWWOH HIIHFW RQ WKH ILQDO UHVXOW

In our work, we did not detect any effect of naie MSCs on FiHEells which may be

because of the ratio of MSCs to THRells (THR1:MSC=5:1) used in our experiments.

We did not use a high ratio of MSC because it might cause a powerful effect on reducing

M1 macrophage expressing-IL DQG -71¥VR ZH PLJKW QRW VHH WKH (
strengthened effect induced by licensing. Some studies suggested reducing the ratio of

MSCs (macrophage: MSC=2:1 [83] or 1:1 [84, 85]) which mediated a strong
depolarizing effecon M1 macrophageApoBDs were shown to have great potential
forimmunomodulation, especially the TGF ,) 1 ApoBDs. They strongly inhibited

7 FHOO SUROLIHUDWLRQ DQG VLPXOWDQHRXVO\ PDLQWDL
THP-1 cell assay, naleApoBDs, as well as all groups of licens@goBDs, were able

to inhibit preinflammatory cytokine expression. LasthpoBD lowered thdrequency

of CD69+ T cells activated and at the same time maintainddetipgencyof CD73+ T

cells (immunosuppressive).

5. Conclusions

In all, we reported that IFN OLFHQVLQJ HQKDQFHG WKH LQKLELWRU
cell proliferation. Moreover, TGF DQG- ,)QLFHQVLQJ HQKDQFHG WKH HII
RQ 0 3 7l«8lls. We also found that licensing influences the uptakgoBDs by

PBMCs and also modulates their impact on recipient cell phenotype. TGH 1

ApoBDs strongly inhibited T cell proliferation and simultaneously kept a high
frequencyof Tregs. TGF ,)1 ApoBDs also maintained the T ceftequency

between a low prinflammatory and high immunomodulatory phenotype. Besides,

ApoBDs ZHUH SURYHQ WR UWHEIXExdressiyg the pioflammatory

cytokines TNF. DQG&6 ,/

6. List of abbreviations

ApoBD: apoptotic body; ANOVA: ongvay analysis of variance; BCA: bicinchoninic

acid; EV: extracellular vesicle; FACS: Flow Cytometry Staining Buffer; FBS: fetal

bovine serum; IDO1: indoleamine 2GLR[\JHQDVH /136 OLSRSRO\VDFFK
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M1 macrophagéike; MSC: mesenchymal stromal cell; PBMC: peripheral blood
mononuclear cells; PBS: phosphaigfered saline; PEL1: Programmed deathigand
1; PFA: paraformaldehyde; Treg: regulatory T cell
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SHULWRQHDO OD YIDJE XIFHRGE \B\WMMPRGHOXSXV HU\WKH
PLFH $GYDQFHV LQ 5KHXPDWRORJ\ [ Vv
- 5 &RUWHV 3G DBDQFKHWRYROHQWD 2 %DUUHLUR
ODWHWYDQLQ 0 / 7RULEDRGUILS® QF&E]) ODUWLQ ODLQ
RI LPPXQH WROHUDQFH E\ )R[S UHJXODWRU\ 7 FHO
"-RXUQDO RI $XWRLPPXQLW M MDXW
/] <X ) <DQJ ) + =KDQJ ' ) *XR / /L :; :DQJ 7 % |/
= - &DL DQG + & -LQ &' HQKDQFHV LPPXQRVXS
UHJXODRMRWLWVIDQG DWWHQXDWHY ERRGWEW LFR QS USRPCE
'"HDWK 'LVHDVH V
5 %ODRFERQJIJXH] + 'H /D )XHQWH & BROWGRXHE] / 0L
6DQFKH]] 5 -LBOEMNMDQGUH $UDEGRIQIXH] $ &XUWDEE
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0 *DUEXDPDUDHV $ 9HUD ) 5LYHUR%RWMNHNMDR/ -
$ &HFFRQL &DPEWDQ 0 7DXURQ - $ORQVR + %XHQ
2UHUR - $ (QULTXH] 6 & S5REVRO@DGUSEGIRQVR )
ODUWER®]IDOH] DQG& OMBWHYVLRQ RQ UHJXODWRL
SURWHFWYV IURP LPPXQH GDPDJH DIWHU P\RFDUGLDO

,QYHVWLIDWLRQ MFL

6 ) + 'H :LWWH ) /XN - 0 6 3DUUDJD 0 *DUJHV
.RUHYDDU $ 6 6KDQNDU / 2 10\QQ 6 - (OOLPDQ
1 1HZVRPH & & %DDQ DQG 0 - +RRJGXLMQ ,PF

7KHUDSHXWLF OHVHQ&KORDO 6BERURPD YULJIJHUHG 7K
3KDJRF\WRVLV RI 06& %\ ORQRF\WLF &HOOV 6WHP
VWHP

0 (VODQL , 3XWUD ; 6KHQ - +DPRXLH $ 7DGHSDO
6 *KDVVHPL * $JQLKRWUL 6 5HVKHW\OR $ ODVKDJI
$ 5 'MDOLOLMMQLERGQHIVHQFK\PDO 6WURPDO &HOO\
ORGXODWH O0DEPRSBRSKHQRW\SH DQG $QJLRJIHQLF )
&HOOV VWHP
' 3KLOLSS / 6XKU 7 :DKOHUV < %RU&KRBK DQG
3UHFRQGLWLRQLQJ GHUERBE PHUHREK\PDO VWHP FI
VWUHQJWKHQV WKHLU S8 WSHHOWEHDMWWR ESBR O R WIH] D L
&HOO 5HVHDUFK 7KHUDS\

< -HRQJ - + .LP DQGFXOWXWUM RRKXPDQ ERQH P
PHVHQFK\PDO VWHP FHOOV DQG PDFURSKDJHV DW\
LQGXFHG LQIODPPDWLRQ LQ KXPDQ FRUQHDO HS
%LRWHFKQRORJ\ DQG %LRFKHPLVWU\

& ODQIHUGLQL ) 3DROHOOD ( *DEXVL /| *DPEDUL ¢
JOHXWDWSSHOOHVVR $ %DUEHUR 0 OXUSK\ DQG * /LV
FHOOV PHGLDWHG VZLVMQAHRD®P DRVMRWAKH ORINRODH R |
PDFURSKDJHV LBA IDFLOLQVDWWGBR HYDOXDWLRQ 2VW
&DUWLODJH M MRFD

Supplemertary material

9.1 Supplementary Material Figure 1
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VXSSOHPHQWDU\ PDWHULDO )LJXUH &KDUDFWHUL]DWLF
06&V %$ &' &' &' &' E &' DRGEH[WYHVVLRQ RI 06&V
+LVWRJUDPV RI IORZ F\WRPHWU\ GDWD $IGRPRUVKQHWLERRIR
06& 2LO YMV®DRQLQJ LV VKRZQ $EVRUEDQFH DW QP ZKI
2 LV VKRZQ LQ SDVWMHHORIHQLF GLITHUHQWLDWLRQ RI 06&

LV VKRZQ LQ ( DQG TXDQWLILFDWLRQ RI FDOFLXP LV SU

UHVXOWNHRGRWXRUY DUH VKRZQ “ 6 (W DG 6 QIEeBYWH GO HED W
S
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9.2 Supplementary Material Figure 2

VXSSOHPHQWDU\ PDWHULDO )LJXUH $SFHO WV QLR VIWWEIDOO
SUROLIHUDWLRQ DVVD\ % *DWLQUNHY @BV HBHORIVODROBFUF

PHVHQFK\PDO VWURPDO FHOOV 06&V & *DWLQJ VWUDW
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9.3 Supplementary Material Figure 3

VXSSOHPHQWPIUXPBWH®LDIONLQI VWUDWHI\ RI &' DQG &
*DWLQJ VWUDWHJ\ RS B S KSWRW HFDER/ G\
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9.4 Supplementary Material Figure 4

VXSSQMWMH\ PDWHULDO JLJXUH 7KH UDWLR RI DSRSWRW|
LQGXFHG E\ DSR$SFW VK HRIBIWWMIMWLYH UHVXOWY DUH VKR
DQDO\]HGWD LWEHR XOBWWUIY WQRW VLIQLILFDQW

9.5 Supplementary material Table 1 Details of the used antibodies of fluorescent
dye, classified by assays

ApoBD FKDUDFWHUL]DWLRQ

DQWLJHQ IOXRURFKUR FRUSRUDWL

3"/ 3HU&3 &\DQLQ %LROHJHQQ
3RVLWLYH PDUNHU

DQWLJHQ IOXRURFKUR FRUSRUDWL

&' %ULOOLDQW 9 %LROHJHQQ

&' ), 7& %LROHJHQQ

&' 3( &\DQLQH %LROHJHQQ

6\WR[ $$'9%1&(] 7KHURRKHU
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Chapter 3

Comparison of in-vitro immunomodulatory capacity
between large and small apoptotic bodies deriving from

human bone marrow mesenchymal stromal cells

Keywords: mesenchymal stromal cell, extracellular vesicle, apoptotimdy,
immunomodulation, immunosuppression.

Abstract

Background: Mesenchymal stromal c@WISC) apoptosiswas reportedequired for
their therapeutic functiomcluding immuneonodulation. In our previous study, MSC
derived apoptotic bodies (ApoBDalsoexhibit immunomodulatory potency. However,
compared with small extracellular vesicldgre is a dearth of literaturedtaborate on
thepreparation, characterization and biological properties of ApoBDs

Purpose: This project aims to prepare highly efficientramécytotoxic ApoBDs and
evaluate their immunomodulatory potential in vitro.

Methods: ApoBDswere collectedrom the conditioned mediur{fetal bovine serum

free) of staurosporingnduced apoptotic human MSCS$,000 g and 16,000 g
centrifugation was performed to isoléegeandsmallApoBDs, respectively. ApoBDs

were collected and characterized comprehensively. In their surface marker
characterization, we characterized the surface proteins which were verified expressed
or absent in their parental MSCs. Then, the ApoBDs were incubatiegeripheral

blood mononuclear cells and maphagesyrespectively to investigate their hvitro
immunomodulatory &pacity.

Results: Two sets of ApoBDs were harvested which differed in size. The large ApoBDs
were about 700 nm and small ApoBDs were about 500 nm. Both ApoBDs expressed
CD90, CD44 and CD73 which were verified positive in their parent MSCs. Similarly,
PD-L1, CD11b ad HLA-DR were expressed lowly in both ApoBDs and parental
MSCs. Next, ApoBDs were incubated with peripheral blood mononuclear cells. We
found that both ApoBDs inhibited allogeneiecéll proliferation but large ApoBDs
were more effective. Next, in  ApoBIDsacrophage incubation assays, both ApoBDs
can polarize M1 macrophages towards-lk2 phenotype with large ApoBDs being
more effective in upregulating the expression of CD163. Besides, large ApoBDs were
easier to be phagocytosed by macrophages as detteciagh flow cytometry analysis
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and immunocytochemistriynages. Finally, the hvitro cytotoxidty of both ApoBDs
was verified well as no toxicity was observed following staurosporine treatment.

Conclusion: Staurosporiieaduced ApoBDs are noncytotoxic and exhibit
immunomodulatory potential in vitro. Compared with small ApoBDs, large ApoBDs
are more effective in inhibiting-€ell proliferation and M2 polarization. ApoBDs could
be useful in future studies replacing cell theeapiith MSCs.

1. Introduction

Mesenchymal stromal cells (MSCs) have been reportpdtastimmunomodulatory
[1, 2] and antinflammatory [35] agentsin conditions such as rheumatoid arthritis,
type 1 diabetes and uveitis.terms of MSC therapeutic mechanjgiSCswere
reported tanhibit T cell proliferation [6] and also promote regulatory T cells (Tregs)
[7]. However, the limited efficacy [8] and immunogenicity problem4 29 following
MSC administration are still critical hurdles that currently impede the wider
therapeutic apptation of MSCs.

Extracellular vesicles (EVslisplaysimilar biological propertieso their parental cells
[13-15]. Based on their biogenesis, EVs can be categorized into exosomes, ectosomes/
microvesicles or apoptotic bodiesg@BDs). Exosomes are released from live cells

when multivesicular bodies fuse with the membrane-IB$. In contrast, AoBDs

are produced by apoptotic cells which includes condensation of the nuclear chromatin,
membrane blebbing, and disintegration of the cellular content into distinct membrane
endosed vesiclesCurrently, ApoB were verified to have the same therapeutic

effects as their parental napoptotic cells [122] on the basis of similar proteomic

[22] and transcriptional [21] signatures. More importantly, it has been reported that
MSCs undergo apoptosis in vivo aftensplantation [23] which was required for

their therapeutic function [24]. Therefore, it is interesting to speculate whether

ApoBD generated in vivo can replace live MSC deliverpoRD therapy (celifree

therapy) is of lav immunogenicity [2827] in theory and is more convenient for

storage and transportation compared with live célis. previous study has
demonstratethathuman bone marrow MS@erived ApoBDs can inhib#llogeneic

T cell proliferation, reduce M1 macrophagecreted pranflammatory cytokines and
induce more Tregl28]. In addition, MSC-derived A0oBDs have been verified to be
effective in models of wound healing [29] and myocardial infarction [30].

The study of subtypes of EVs is currently a popular field, as this type of research can
achieve homogenization oMs, clarify the componentnd increase stability

between EV batcheBor example, early in 2017, it was reported ddipocyte
derivedlarge and small EVs were distinct in some expressions of lipid and protein.
These contributed to the EV subtype identificafi®h]. The example above is

utilizing size as the distinguished principle. Another poputangleis protein
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compositionKarimi et al isolated different subpopulations of human serum EVs

based on the protein antigen/antibody affinity. They found a high number of CD9+
EVs and a small number of CD63+/CD8[BR]. Different surface markers may

represent different phenotypes and sources ofHEWever the research on EV

subtypes is very hot, but the research on ApoBD subtypes i&ltiaiugh the

research on EV subtypes is very active and fast moving, research on ApoBD subtypes
is less advanced.

In terms of ApoBD preparation, there are no very striiteria like for EVs, as

published by International Society of Extracellualr Vesicles (I5B8]. In recently
published literature, centrifugation was usually used to isolate the ApoBDOikebeit
wasno accepted and standaddmethod ¢entrifugationcondition) Some

researchers isolated the supernatant in 300020f80 minuteg34-36], while others

did in 16000d29, 37, 38]. According to their characterization and our previous study,
we speculated that 3000g would isolate large vesicles and 16@20gd wolate small
vesicles.The size of ApoBDs was regarded as the principle method to distinguish the
two subpopulations in this study.

Herein, we prepared two categories of ApoBDs deriving from staurosgodoeed
apoptotic human bone marrow MSCs. The two categories of ApoBDs, which were
distinct in size, were collected by different centrifugation conditions. We found both
types of ApoEDs arenon-cytotoxicand exhibit immunomodulatory potential in vitro.
Compared with small ApoBDs, large ApoBDs are more efficient in inhibiting human
and mice Tcell proliferation and human Méhacrophage polarization. ApoBDs could

be useful in future studies replacing cebrdpies with MSCs.

2. Materials and methods

2.1 Isolation, culture, and characterization of MSC from human bone marrow

Human MSCs were isolated from the bone marrow of three healthy volunteers at
Galway University Hospital under an ethically approved protocol according to a
standardized procedure. Written consent was obtained from the volunteers. Briefly,
bone marrow celbuspensions were layered onto a Ficoll density gradient, and the
nucleated cell fraction was collected, washed, and resuspended in an MSC culture
medium. After 24 hours of cultivation, nonadherent cells were removed, fresh
medium was added, and individuallonies of fibroblastike cells were allowed to
expand and approach confluence prior to passage.

+XPDQ 06&V ZHUH -MEND(BIOSti¢h&es| [Qublin, Ireland) with 1%
penicillin/streptomycin (Sigmaldrich, Wicklow, Ireland), 10% fetal bovine serum
(FBS) (SigmaAldrich, Wicklow, Ireland), and 1 ng/mL FGE (SigmaAldrich,
Wicklow, Ireland).
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MSCs were characterized for the expression or absence of specific cell surface
markers (CD73, CD44, CD45, CD90, CD11b and HRR) by flow cytometry and

for their differentiation capacity. At first, MSCs were harvested and incubated with
antrhuman antibodis (see Table S1 for additional details) diluted in flow cytometry
staining buffer (FACS buffer). Samples were analyzed using a flow cytometer (Cytek
Northern LightsTM 3000). Flow cytometry data were analyzed using FlowJo analysis
software version 10 (Tre&tar Inc.) Differentiation of MSC was performed according

to previous methods [50]. MSCs from three donors (donor 1, 2 and 3) were
characterized respectively.

2.2 Peripheral blood mononuclear cellsRBMC) isolation and culture

PBMCs were isolated by densityadient centrifugation from whole blood samples
after written informed consent was obtained from four healthy voluntdereesity

of GalwayResearch Ethics Committee). Freshly drawn peripheral blood was
collected in 5 mL ethylene diamine tet@taetic acid (EDTA) Vacutainer® tubes (BD
Medical Supplies, Crawley, UK). PBMCs were isolated by layering 3 mL of anti
coagulated blood over 3 mL endwie-free FicollPremium (SigmaAldrich,

Wicklow, Ireland) densitygradient solutia in a 15 mL tube. Samples were then
centrifuged at 400 g for 22 mins at 18€. Using a plastic Pasteur pipette, the visible

SEXII\ FRDW™ OD\HU RI PRQRQXFOHDU FHOOV ZDV UHPRYH

fresh 15mL tubes, washed twice with 10mL DPBS (iteffisher Scientific) and
centrifuged at 400 g for 5 min at 25 €. The total number of live cells was determined
by Trypan Blue exclusion.

PBMCs were cultured in RPML640 medium (BioSciences, Dublin, Ireland) with 1%
penicillin/streptomycin (Sigmaldrich, Wicklow, Ireland), 10% fetal bovine serum
(FBS) (SigmaAldrich, Wicklow, Ireland).

2.3 Macrophagelike THP-1 cell culture

THP-1 cells and human peripheral blood cells were cultured in RE&M0 (Sigma
Aldrich, Wicklow, Ireland) with 10% headhactivated FBS (Thermo Fisher Scientific,
Dublin, Ireland), 1% EGlutamine (SigmaAldrich, Wicklow, Ireland), and 1%
penicillin/streptanycin (SigmaAldrich, Wicklow, Ireland).

THP-1 cells were incubated with 100 ng/mL phorbolrigristate 13acetat PMA)
(SigmaAldrich, Wicklow, Ireland) for 24 hours to differentiate macrophéke

THP-1 cells. After 24 hours, the differentiated macrophidgeTHP-1 cells were
attached to the flask. After washing off the suspended undifferentiated cells,
macrophagédike THP-1 cells were incubated with LPS (100 ng/mL) (Sighidrich,
Wicklow, Ireland) and IFN QJ P/ 3HSURWHFK /RQGRQ 8.
hours to induce M1 macrophage THRells.
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2.4Mice primary lymphocyte isolationand culture

6 A 0-weekold female C57BL/6 mice were euthanised by.@Ephyxiation, and

cervical and inguindlymph nodes and spleens were harvested and placedanlite

PBS. Singlecell suspensions of the lymph nodes were obtained by dissociation with

the plunger of a 1mL syringe in a petri dish in a sterile laminar flow hood. Cells were
SDVVHG WKURXJK D P VWUDLQHU WKHQ SHOOHWHG E\
Cells were reuspended imiceT cell medium RPMI-1640,10% FBS, 1mM Sodium

Pyruvate, 1% nowssential amino acids, 2mMG&lutaming 1%

Penicillin/Streppmycinand 50 M -mercaptoethanjl

Singlecell suspensions of splenocytes were prepared by gentle dissociation of the

spleen using the plunger of ariL syringe in a petri dish in a sterile laminar flow

KRRG 7KH FHOOV ZHUH SDVVHG WKURXJK D P VWUDLQF
800g for 5 minutes. The supernatant was removed and the cells were resuspended in

2mL ACK buffer (Gibco) for 5 minutes on ice in order to lyse red blood cells. The

reaction was neutralised by addingrhi T cell medium. The suspension was then

pelleted by entrifuging at 800 g for 5 minutes and the cells were resuspended in fresh

miceT cell medium. A 90% lymphocytith or without10% splenocyte suspension

was used for all T cell assays outlined in the subsequent sections.

2.4 ApoBD preparation and characterization

ApoBD isolation was optimized from previous studies [29, 30, 39]. Firstly, MSCs
were treated with staurosporine (Sigl8@® GULFK :LFNORZ ,UHODQG DW
to induce apoptosis. The supernatant was collected and centrifuged at 500 g for
xPLQ Duwtremoyekcalls and debris. Then, the supernatant was further
FHQWULIXJHG DW JIRU xPLQ DW xf& DQG WKH SHOC
3000g ApoBD pellet, was washed twice in phospfatiéered saline (PBS) and
centrifuged again at 3000g. Then, gupernatant was centrifuged at 160009 for 30
min to pellet the 16000g ApoBD pellet. The pellet was also washed twice with PBS
and centrifuged again at 16000g. The isolation was summarized in Figure 1A. The
isolated HoBDV ZHUH VXVSHQGHG LQ x | 3%6 DQG VWRUHG D
within three days.

For ApoBD characterization, we chose to analyze CD90, CD73, CD44, CD11b and
HLA-DR, because these markers were used in MSC characterisation. We also
characterized PID1 because PI.1 was found to be highly expressed in N
licensed MSCs [28, 40, 41] aD-L1 is known for its immunosuppressive effect
[42, 43]. AooBDs derived from three different human donor MSCs were suspended in
FACS (DPBS supplemented with 1% FBS and 0.05% sodium azide) buffer and
incubated withrelated antibodie@etails in table SIBiolegend, California, USA) for
PLQ $IWHU VWDLQLQJ WKH VDPSOH ZDV FHQWULIXJHG
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pellet the stained poBDs. Then, stained poBDs were resuspended in fresh FACS
buffer for analysis using the Northern LigldE3000 flow cytometer (Cytek).

The total protein content ofpeBDs was quantified by using the Bicinchoninic acid
assay (Thermo Fisher Scientific, Dublin, Ireland) after lysed by RIPA lysis buffer
(Pierce Thermo Fisher Scientific, Dublin, Ireland).

The size of AoBDs was assessed through the Zetasizer Nano ZS90.

In terms of themorphology /| Rl VDPSOHV IL[HG LQ 3)$ DQG LQFXI
mesh gold formvar carbecoated electron microscopy grids (Aquilent) for 20 mins to

allow attachment. Samples were incubated with 1% glutaraldehyde (Sigma) followed

by negative staining with 2% phospbogstic acid (Sigma) for 15 seconds. Samples

were analysed using a Hitachi 7500 electron microscope, at a magnification of

50,00 for wide-field view, 100,008 for morphological assessment, all at an

accelerating voltage of 7%k

2.5 PBMC/ ApoBDs assaynd mouseprimary lymphocyte/ ApoBDs assay

PBMCs were stained with the CellTra@eViolet proliferation kit (Thermo Fisher
6FLHQWLILF 'XEOLQ ,UHODQG DFFRUGLQJ WR WKH PDQ>
well-round bottom plates (Sarstedt) at a concentration of LM O OV /I RI
complete medium with or withoutxL0* Human (or mice) T-Activator CD3/CD28

Dynabeads® (Thermo Fisher Scientific, Dublin, Ireland).

To assess the impact opABDs onhuman T cell proliferatiort.25 ng, 250 ng, 500 ng,
1000ng and 2000 ng\poBDs were incubated with PBMCsespectively ApoBDs
from threedonois and PBMC from three donors were used.

In terms of mice T cell, the incubation was in fhhesencer absencef 1x10* mice
autologous splenocytes. 125 ng, 500 ng and 2000 ng of ApoBDs were incubated with
mice T cellsApoBDs fromthreedonoss andmice cellsfrom three donors were used.

After 96 hours, cells were harvested and incubated witkhantian antibodies (see

Table S1 for additional details) diluted in FACS buffer.. Samples were analyzed using
a flow cytometer (Cytek). Flow cytometry data were analyzed using FlowJo analysis
software version 10 (Tree Star Inc.)

2.6 Macrophage/ApoBDs assay

Human THRPL1 cells have been shown to serve well as a model for primary human
monocytes/macrophages [44]. We used THéelkdifferentiated macrophages to
study the effect of poBDs on macrophages.

120



Chapter 3: Apoptotic body subpopulation

1 x10° M1 macrophageand125 ng, 250 ng, 500 ng, 1000 ng and 200@\pgBDs
were seeded into@6-well plate. 48 hours later, cells were harvested and incubated
with antrhuman antibodies (see Table S1 for additional details) diluted in FACS
buffer. ApoBDs from three donors were used in this assay.

2.7 ApoBDs uptake assay

ApoBDs were suspended RBSand incubated with CellTrac& CFSE (Thermo

Fisher Scientific, Dublin, Ireland) for 30 min. After staining, the sample was
FHQWULIXJHG DW J IRU xPLQ poBDs. flfesdaivdld SHOOHW W |
ApoBDs were resuspended in fresh MSC basal medium or PBMC medium for 5 min

DW f& 7TKHQ WKH VDPSOH ZDV FHQWULIXJHG DW J I
stained ABs and the unbound dye was removed. Finally, the Sta8ted ABs were

suspended in fresh 41 or PBMC medim.

For assessment of Mfiacrophag@hagocytosis of poBDs, 1x10° macrophage

were seeded in a 98ell round bottom plate. After they were differentiated into an
M1 phenotypel000ng ApoBDs stained with CFSE were incubated vtk
macrophagefor 0.5, 1, 2, 4 an@ hours. Cells were washed three times with PBS and
analyzed using a flow cytometer (Cytek). For immunocytochemistry staining, cells
were fixed with 4% paraformaldehyde (PFA) (Thermo Fisher Scientific, Dublin,
Ireland) for 15 mins and permeabilizedthvD.1% Triton X100 (SigmaAldrich,

Wicklow, Ireland) for 15 mins. Then the permeabilized cells were stained with DAPI
(Biolegend, California, USA) and Flash PhalloidERed 594 (Biolegend, California,
USA). The pictures were captured through the Olympus CKX53 microscope and
analyzed with cellSens imaging softwargaoBDs from three donors were used in

this assay.

2.8 Statistics

Data are presented as mean + SD. Most comparisons between groups were done by
oneway analysis of variance (ANOVA) with Tukey's multiple comparisonségtre

3A, D and F, FigurelA, D and G, FigrueC and E, Figur®A and C and FiguréA

wereperformed by analysis of tw& D\ $129% ZLWK 6LGDNYV PXOWLSOH |
test. Figure 1D, and E, Figure 2Band supplementary material Figure l¥ere

performed by twetailed unpaired-test. Differences were considered significant for p

< 0.05. Statistical analyswgas performed using GraphPad Software (8.0.2).

2.8 Other

The instruction of mesenchymal stromal cell and peripheral blood mononuclear cell
origin in each assay was summarized in Supplementary material table 2.

3. Results
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3.1 Characterization of human MSCs

MSCs from three healthy donors were used in this study. Flow cytometry was used to
identify protein expression on the cell surface of M8C390, CD73CD44, CD11h

CD45 and HLADR). In brief, MSCs were positive in CD90, CD73 and CD44 and

low in CD45, CD11b and HLAR. The differentiation capacity (adipogenic and
osteogenic) of MSCs from all three donors was verifidtese results can be found in
our previous researd@s].

3.2 Characterization of human MSGderived ApoBDs

As shown in Figure 1A, 3000g pellet was collected as the 3000g ApoBDs and
following thatthe 160009 pellet was collected as the 16000g ApoBDs. As shown in
Figure 1BD, the pellet from three donors was measured by the Malvern Zeta
Potential Analyzer for their sizes. We found these two batches of ApoBDs were
distinct in size. The@0g pellet was 723+10.1 nm, and the 16000g was 535.6#3.2
nm. The 3000A\poBDs pelletwas significantly larger than the 16008goBDs

pellet In the subsequent experiments, the 30@€let was defined as the large
ApoBDs (FApoBDs) and the 16000g pellet was defined as the small ApoBDs (s
ApoBDs). Visualised and confirmed by transmission electron microscopy (TEM)
(Figure 1FG), IF-ApoBDs were larger thanApoBDs. Both ApoBDs had bilaye
membrane structure, which is consistent with the guideline published by[B3EV

We also quantified the yield of both ApoBDs as shown in Figure 1E, with the yield of
s-ApoBDs being higher compared té&\poBDs. The yield of sApoBDs was 26.913.8
J PLOOLRQ O06&\SR%®QG/VZRN O * J PLOOLRQ 06&V

Both ApoBDs were injected into the flow cytometer for further characterisation. As
shown in Figur@A, we gated the annexm positive subpopulation to get the ApoBDs.

The forward scatters (FSC) of both ApoBDs were compared in FEA+#®. The FSC

of I-ApoBDs was larger thanApoBDs and the walue was 0.0685 (near significance).
Because the FSC reflects the size of the injected particle, this FSC data was consistent
with the data measured by the Malvern Zeta Potential Analyzer.

Utilizing the gating strategy shown in Figl24, the surface marker profile of both
ApoBDs was characterized (Figl2€). We investigated the commonly seen markers
of MSC in MSCderived ApoBDs. Both ApoBDs stained positive for the same
selected surface proteins: they expressed CD90, CD73 and CD44 highly and they
expressed CD11b, HL-AR and PBL1 lowly. These expression gdiles were also
consistent with their parental MS(28].
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Figure 1. The preparation antharacterization of large and small apoptotic bodies (|
ApoBDs, sApoBDs). A. The preparation of two categories of ApoBDE. Bhe
representativesize histogramof two categories of ApoBDs measured by Malvern
Zetasizer. E. The yields of two categories of ApoBBS. Fherepresentativémages

of ApoBDs taken by transmission electron microscop@-tailed unpaired #estwas
performed to analyze D and E:(p<0.05; **: p<0.01)
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Figure 2. Characterization of apoptotic bodies (ApoBDs) through ftgtometry. A

The gating strategy of ApoBDs. (FMO: Fluorescence minus Bn&he FSC (forward
scatter) medians of ApoBDs quantified by flow cytomé€trfhe expression of selected
protein on ApoBDs quantified by flow cytometry. Representative results of multiple
independent experiments, which are presented by dots, are shown £SD and analyzed
by twetailed unpaired #est. *: p<0.05; **: p<0.01; ***: p<0.001.

3.3 ApoBDs/human PBMCs assay

The effects of both ApoBDs on allogeneic PBMCs were first investigated because the
allogeneic T cell proliferation assay is regarded as the gold standard of
immunomodulation. We incubated PBMCs with gradient concentrations of both
ApoBDs to study the dosagdependence. The gating strategy was shown in
supplementary material Figure 1A. As displayed in Fig&ewith the concentration

of both ApoBDs increased, thfeequencyof proliferated CD3+, CD3+/CD4+ and
CD3+/CD8+ T cells decreased. This demonstratéld ApoBDs can inhibit allogeneic

T cell proliferation. A tweway ANOVA test was performed to investigate whether
there is any difference between large and small ApoBDs. We feApdBDs were
stronger in this inhibdry effect on CD3+ and CD3+/CD4+ T cells, wigavalues of
0.0767 and 0.0037 respectively. As displayed in Fig§Btehe stimulated control group

and the highest dosage ApoBD groups were compared to investigate whether there is
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any significance between the control and the experimental groups. In terms of the
highest dosage, both ApoBDs inhibited T cell proliferation significantly. Besides, |
ApoBDs were significantly stronger in inhibiting CD3+/CD4+ and CD3+/CD8+ T cell
proliferaion. We also visualised the proliferated Celltrace Violet fluorescence as
displayed in Figur&C. One more generation of proliferated T cells in the stimulated
control group than in the experimental group can be obsehtddst, theviability of
PBMCs was quantified because some previous studies reported the cytotoxicity of
staurosporing45, 46] We wanted to demonstrate our both ApoBDs weoe
cytotoxic because during the preparation, the pellet was washed at least five times to
remove the possible wateoluble staurosporine. As displayed imglire 3D-E, both
ApoBDs wereconsiderednon-cytotoxic to the human primary lymphocytes. The
results areimilar with PBMCs as displayed in FiguB&-G. In terms of the PBMCs,

the viability was ~70% while thigmphocytes fviability was~86%. This was because

the T cell expansion beads were added into the incubation system, whichresuitd

in a highfrequencyof expanded viable T lymphocytes.

125



Chapter 3: Apoptotic body subpopulation

Figure 3. TheApoBDs/human PBMCs ass&y. The percentage of proliferated CD3+,
CD3+/CD4 + and CD3+/CD8+ T cells when treated with ApoBDs in a gradient
concentration. B. The percentage of proliferated CD3+, CD3+/CD4 + and
CD3+/CD8+ T cells when treated with 2000 ng ApoBDs. C. Representastogtams

of Celltrace Violet (CTV) of CD3+, CD3+/CD4 + and CD3+/CD8+ T cells when
treated with 2000 ng ApoBDs. D. The viability of lymphocytes when treated with
ApoBDs in a gradient concentration. E. The viability of lymphocytes when treated with
2000 ng AoBDs. F. The viability of peripheral blood mononuclear cell when treated
with ApoBDs in a gradient concentration. F. The viability of peripheral blood
mononuclear cell when treated with 2000 ng ApoBDs. All of the results consisted of
three independent eggments. A, D and F were analyzed by analysis ofviag

$129% ZLWK 6LGDNYJV PXOWLSOH FRPSDULVR@ayWHVW
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DQDO\WVLV RI YDULDQFH ZLWK 7XNH\YfV PXOWLSOH FRPSD
p<0.05; **: p<0.01; ***: p<0.001. (IApoBDs: large apoptotic bodies:ApoBDs:
small apoptotic bodies)

3.4 ApoBDsmacrophages assay

Next, we investigatedvhether both ApoBDs can polarize M1 macrophaggnan
THP-1 differentiated M1 macrophages were incubated with the gradient concentration
of both ApoBDs. The gating strategy was shown in supplementary material Figure 1B.
As shown in Figure4dA and D, with the dosage of both ApoBDs increasing, the
expression of CD163 and CD206 was upregulated, which demonstrated both ApoBDs
can polarize M1 macrophages to M2 phenotype. And in Figard-ApoBDs were
stronger to upregulate CD163 thadgoBDs with thep-value of 0.0628. Compiag

the expressioprofile of M1 macrophage control and the ApoBsated groups, as
shown in FigurelB and E, 2000 ngApoBDs can significantly upregulate CD163. S
ApoBDs are unable taupregulate CD163. The polarized effect eAgoBDs was
stronger than -&poBDs, with ap-value of 0.0957. However, in terms of CD206
expressionboth ApoBDs cannot upregulate CD206 significantly etheme is a clear
tendency towards significancét last, the fluorescence histograms@D163 and
CD206 quantified by flow cytometer were visualized in Figt€eand F.

Moreover we also investigated the viability of macrophages to both ApoBDs. As
displayed in FigurelG-H, both ApoBDspreparationsiad no effects on macrophage
viability, which further demonstrated that both ApoBDsreoe-cytotoxic
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Figure 4. The apoptotic bodies (ApoBDs)/ macrophage assay. A. The CD163
expression of macrophagesen treated with poBDs in a gradient concentratiorB.

The CD163 expression of macrophagédsen treatedvith 2000ng ApoBDs C. The
representative histogram of CD163 expressitren treated wit2000 ngApoBDs. D.

The CD206 expression of macrophagelsen treated with poBDs in a gradient
concentration E. The CD206 expression of macrophagken treatedvith 2000ng
ApoBDs F. The representative histogram of CD206 expressiman treated wit2000
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ng ApoBDs. G. The viability of macrophagegen treated with poBDs in a gradient

concentration H. The viability of macrophages when treated with 2000 ng ApoBDs.

All of theresultsconsisted of three independent experiments. A, D amdr&analyzed

by analysis of twoZ D\ $129% ZLWK 6LGDNYV PXQWIESSOdHHFRPSD UL\
were analyzed byongay DQDO\VLV RI YDULDQFH ZLWK 7XNH\TV PXO!
ns: not significant. fApoBDs: largeapoptotic bodies; sApoBDs: small apoptotic

bodies)

3.5 ApoBDdgmacrophageuptake assay

Our previous study proved thap8BDs were primarily taken up by CD14 +
monocytes in PBMC. And THR differentiated macrophages ae excellent model
for studying the uptake of ApoBD)28]. In the present study, we also utilized the
THP-1 differentiated macrophage model to study the uptake difference between |
ApoBDs and sApoBDs. 1000 ng of bot@FSElabelledApoBDs were incubated

with 1x10° macrophages. The pictures were taken by fluorescence micycsoop
0.5h, 1h, 2h, 4h and 8h. After arhBur incubation, as shown in Figusa, the

ApoBDs were stained in green CF8te macrphagic nuclewere staned in blue

DAPI and the macrophagic cytoskeleton was stained in red phalloidin. In the small
horizon, the internalized ApoBDs were observed (displayed by the arrows). Next, we
studied the dynamic fluorescent intensity of the internalized ApoBDs according to
pictures as shwn representatively in FigufiB. The results were shown in Figlb€:
the FApoBDs were rapidlyand very significantlyakenup by macrophages. Finally,

to pursue an accurate fluorescent value, the macropteftggsincubation with the
stained ApoBDswere injected into the flow cytometer. The histograms were
visualized as FigurBD. The fluorescent values are shown in FighlfeAs already
demonstrated by fluorescence microscdbpg,FApoBDs were rapidlyand very
significantlytakenup by macrophage®oth assays showed rapid and significant
uptake of ApoBDs.
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Figure 5. ApoBDs/macrophage uptake assaf. The immunocytochemistry staining
picture of macrophages when incubating CFs$&ned ApoBDs for 8 hours. B. The
dynamic immunocytochemistry staining picture of macrophages at multiple timepoints.
C. The immunocytochemistsyained internalized greetubrescence intensity at each
timepoints. D. The representative histogram of CFSE fluorescence intensity of
macrophages at each timepoints, visualized by flow cytometry. E. The median
fluorescence intensity (MFI) &@FSE of macrophages at each timepoints, quantified
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by flow cytometry. All of the results consisted of three independent experiments. C and

E were analyzed by analysis of twbD\ $129% ZLWK 6LGDNTV PXOWLSOH
test. ***. p<0.001. (1ApoBDs: large apoptotic bodies:ApoBDs: small apoptotic

bodies)

3.6 ApoBDs/mice primary lymphocytes assay

Next, the effects of human ApoBDs on mice primary lymphocytes were studied. At
first, two deep cervical, two superficial cervical and two inguinal lymph nodes were
harvested We studiedtwo incubation mode|sonein the presencand one in the
absence of autologous splenocytes because splenocytes were rich in@esgenng

cells which may mediate a more potent immunological reaction. The gating strategy of
themouseprimary lymphocytes was shown in the supplementary material Figure 1C.

As shown in Figur@A, in the presence of the splenocytes, with the increasing dosage
of both ApoBDs, thefrequencyof proliferated CD3+ and CD3+/CD4+ T cells
decreased. This indicated that both ApoBDs can inhibit the proliferation of CD3+ and
CD3+/CD4+ T cells. However, thffequencyof proliferated CD3+/CD8+ did not
significantly change.When comparing-ApoBDs and sApoBDs, FApoBDs were
significantlymore potenthan sApoBDs in inhibiting the proliferation of orineCD3+

and CD3+/CD4+ T cells. Howevédrpth ApoBDs affected limitedly on CD3+/CD8+ T
cells. In terms of the high dosage, as shown in Fi§Breboth ApoBDs significantly
inhibited the proliferation of mrine CD3+ and CD3+/CB+ T cells when compared
with the stimulated control grouffhe twosultypes of AoBDs had statistically the
same efficiencyBoth high dosages of ApoBDs affected limitedly on CD3+/CD8+ T
cells.

In the absence of splenocytes, similarly, with the increasing dosage of both ApoBDs,
thefrequencyof proliferated CD3+, CD3+/CD4+ and CD3+/CD8+ T cells decreased.
However, the inhibiry effects led by both ApoBDs did not have significant statistical
differenceswith each otheas shown in FiguréC. In Figure6D, we compared the
frequencyof proliferated T cells in the stimulated control group dmgh dose of
ApoBDstreated groups. In the resultspth 2000 ng of -ApoBDs and sApoBDs
inhibited the proliferation of mice CD3+, CD3+/CD4+ and CD3+/CD8+ T céliese
inhibitory effects led by-JApoBDs and sApoBDs were statistically similawith each

other
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Figure 6. The apoptotic bodies (ApoBDs)/mice primary immunocytes assay. A. The
percentage of proliferated mice CD3+, CD3+/CD4 + and CD3+/CD8+ T cells when
treated with ApoBDs in a gradient concentration. B. The percentage of proliferated
mice CD3+, CD3+/CD4 + andCD3+/CD8+ T cells when treated with 2000 ng
ApoBDs. AB were in the presence of autologous mice splenocytes. C. The percentage
of proliferated mice CD3+, CD3+/CD4 + and CD3+/CD8+ T cells when treated with
ApoBDs in a gradient concentration. B. Tpercentage of proliferated mice CD3+,
CD3+/CD4 + and CD3+/CD8+ T cells when treated with 2000 ng ApoBDB. Were
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in the absence of mice splenocytes. All of the results consisted of three independent
experiments. A and C were analyzed by analysis of 2\ $129% ZLWK 6LGDNT\
multiple comparisons test. B and D were analyzed bynaneanalysis of variance with

7 X N HW§ltyple comparisons test. ns: not significant; %(05; **: p<0.01; ***:

p<0.001. (tApoBDs: large apoptotic bodies:ApoBDs: small apoptotic bodies)

Figure 7. The viability of mice primary immunocytes assay. A. The viability of mice

primary lymphocytes (fautologous splenocytes) when treated with ApoBDs in a

gradient concentration. H. The viability of mice primary lymphocytes (zautologous
splenocytes) when tresd with 2000 ng ApoBDs. All of the results consisted of three
independent experiments. A was analyzed by analysis-oZtivd $129% ZLWK 6LGDN T\
multiple comparisons test. B was analyzed by-wag analysis of variance with

7XNH\V P X0 WdossQest. ARk P& Bighlficant.-AboBDs: large apoptotic

bodies; sApoBDs: small apoptotic bodies)

We finally tested th@otential toxicityof both ApoBDsonmice primary lymphocytes.
As displayed in Figur&gA, with the dosage increasing, both ApoBERslucedthe
viability of mice lymphocytes in the absence of splenocytesever, inthe presence
of splenocytes, both ApoBDs hardly affected the viability of the mice lymphocytes.
Despitethe effects of both ApoBDsen splenocytes none of them westatistically
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significant When compared to the viability resulting from the highest dosage of the
ApoBDs, as shown in FiguréB, the ApoBDs did not lower the viability of mice
lymphocytes statistically whether with or without the splenocytes.

In all, human MS@&lerived tApoBDs and sApoBDs can inhibit the proliferation of
the murineprimary lymphocytes with or without traeldition ofautologous splenocytes.
The FApoBDs weremore potentto inhibit the proliferation of mice CD3+ and
CD3+/CD4+ T cells. Andas for high dosage or without splenocytesth ApoBDs
worked similarlyin inhibiting murine T cell proliferationWe conclude thatboth
ApoBDs werenoncytotoxicto the nurine primary lymphocytes.

4. Discussion

In the present study, we isolatadd extensively characteriseslo subpopulations of
human bone marrow MS@erived ApoBDs. Both ApoBDs expressed simpantein
markers as their parental cehigt they were distinct in size. Both ApoBDs can polarize
human M1 macrophage to M2 phenotype and inhibit alleig@ncell and mice primary
lymphocyte proliferation. Interestingly, we founéApoBDs were stronger than s
ApoBDs in immunomodulation such as inhibiting allogenCD3+/CD4+ and
CD3+/CD8+ T cell proliferabn, upregulating M2 macrophagic CD163 expression and
inhibiting mice CD3+ and CD3+/CD4+ T cell proliferatioflso, I-ApoBDs can be
phagocyosed by macrophages more rapidgpmpared to -#\poBDs At last, both
ApoBDs weredeemednon-cytotoxic due tominimal effects on the viability of the
recipient cells

Comparedo small EVs, the authors chose to study ApoBDs because: 1) MSCs were
verified undergoing apoptosis aftervivo infusion and apoptotic MSC would release
ApoBDs; 2) MSC apoptosisas required for their therapeutic functioeluding
immunomodulatiorf24]; 3) ApoBDs wereshownto have the same therapeutic effects
as their parental neapoptotic cell§19-22] and4) MSC-derived ApoBDs were
described aantrinflammatory inmanymodels[28-30].

In the present study, we foundApoBDs were stronger than-ApoBDs in
immunanodulation such as inhibiting allogein CD3+/CD4+ and CD3+/CD8+ T cell
proliferation, upregulating M2 macrophagic CD163 expression and inhibiting mice
CD3+ and CD3+/CD4+ T cell proliferationOne reason for the superior
immunomodulatory capacity ofApoBDs could be because we show thapbBDs

are phagocytosed more rapidly comparedAgpsBDs.

The invitro cytotoxiaty of staurosporine generatégpoBDs wasinvestigated and
demonstrateth this studybecause there is a concern about the use of staurosporine as
ApoBD inducing agent. Staurosporine is an-gatcer drud45, 46] and its release
from ApoBDs could have negative effect when these ApoBDs are considered for
immunomodulatory therapyn fact, thecytotoxicity of ApoBDs wasalreadydiscussed
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in the literature Some researchers utilized uitrimlet (UV) light insteadto induce
apoptosis[47], in order to prevent the influence of staurosporinewever, the
apoptosisnducingefficiency of UV light varies, so the apoptotic cekquencywas
not as stable agith the staurosporirenduced. In all, we verified that staurosporine is
not toxic to both human and mouse T cells and macrophagesamaiisytotoxicand
highly efficient agent for preparing ApoBDs.

The present study includedhultiple T cell proliferation assaysvith both human
PBMCs and mice lymphocytes because T cell proliferation is regarded as the gold
standard to prove the immunomodulatory capacity. In the stuelygnalysedotal T

cells (CD3+) and two subtypes of T cells (CD4+ and CD&9.for inhibiting
human/murine CD3+/CD8+ positive T cell proliferation, both ApoBDs showed a more
limited effect tharfor CD3+ and CD3+/CD4+ cellsat least in value. We speculated
this is due to the limited ffct of MSCs on CD3+/CD8+ T cells. Our previous study
demonstrated the MSCs in use for this study are weaker in inhibiting CD3+/CD8+ T
cell proliferation than CD3+ and CD3+/CD41#n terms of nurine T cell proliferation,

two models were applied depending on whether autologous splenocytes were added or
not becausef the presence antigenpresenting cells in the spleen. We foutidt
eitherwith or without autologous splenocytes, the ApoBDssignificantlyinhibit the
proliferation of mice T cell proldration.

In conclusion we havecomprehensively demonstratén invitro immunomodulatory
capacity of MSGderived ApoBDs.Future experiments will include the therapeutic
efficacy of ApoBD is preclinical modelssuchas ocular diseasand inflammation
modek to verify whether the ApoBDs are therapeutic and if there is any difference
between HApoBDs and sApoBDs in vivo. The proposed administration method
involves subconjunctival delivery targeting ocular inflammation. We suggest injecting
both large and small ApoBDs separately and comparing their effects. For future
applications, in addition to considering the therapeeffiects, the preparation process
must also be taken into account. In general, centrifugation at 3000g is safer and more
accessible compared to 16000the effects of ApoBDs are clearly stronger than
those of sApoBDs, and their preparation is simpler, thekploBDs are more suitable

for practical applications.
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6. Supplementary material

6.1 Supplementary material Table. Details of the usedntibodies of fluorescent
dye, classified by assays

ApoBD characterization marker (positive)

antigen fluorochrome corporation
CD90 Brilliant Violet 421 Biolegend
CD73 FITC Biolegend
CD44 PE/Cyanine7 Biolegend
MSC characterization markémegative)
antigen fluorochrome corporation
HLA-DR Pacific BlueE Biolegend
CD11b FITC Biolegend
PD-L1 PerCP/Cyanineb.5 Biolegend
HumanT cell proliferation assay
antigen fluorochrome corporation
CD3 APC Biolegend
CD4 PE Biolegend
CD8 Brilliant Violet 785 Biolegend
Celltrace Violet Thermo fisher
Sytox AADVANCED Thermo fisher

Mice T cell proliferation assay
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antigen fluorochrome corporation
CD3 FITC Biolegend
CD4 PE/Cyanine7 Biolegend
CD8 APC Biolegend
Celltrace Violet Thermo fisher
Sytox AADVANCED Thermo fisher

Macrophage detection

antigen fluorochrome corporation
Sytox AADVANCED Thermo fisher
CD163 FITC Biolegend
CD206 Spark NIR685 Biolegend
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6.2 Supplementary figure

Supplementary material figure 1. A. The gating strategy of human T cells. B. The gating
strategy of macrophages. C. The gating strategy of mice T cells. D. The representative
CFSE intensity histogram of stained apoptotic bodies (ApoBDs). E. The median
flurorecence instensity (MFI) of CF&#ained ApoBDRepresentative results thiree

independent experimerdsalyzed by twadailed unpaired #est. ***: p070.001.
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6.3 Instruction of mesenchymal stromal cell peripheral blood mononuclear cell
mice lymphocytein each assay.

Mesenchymal stromal cell (MSC): donor@&
Peripheral blood mononuclear cell (PBMC): doneg 1
Mice immunocyte: donor-YI

Assay Location| Cell Incubation
Apoptotic body| _.
(ApoBD) E_'g”re MSC Donor A-C
characterization
MSC Donor A+ Donor 1;
PBMC/ ApoBDs | Figure3 Donor B+ Donor 2;
PBMC Donor C + Donor 3;

Donor A + macrophage cell line;

MSC Donor B+ macrophage cell line;

Donor C + macrophage cell line;

Figure 5AB: Donor A + Donor |;

MSC Donor B + Donor lI;

Donor C + Donor Il

Mice  primary| _. Figure 5CD: Donor A+ Donor IV;
Figure .

lyphanocytes/ 6.7 Donor B + Donor V,

ApoBDs Mice Donor C + Donor VI

immunocyte| Figure 6: Donor A + Donor |;

Donor B + Donor lI;

Donor C + Donor Il

Macrophagé Figure
ApoBDs 4-5
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1. Discussion

In this thesis, each chapter addresses its own specific topic. This section aims to discuss
the key findings of the thesis as a whole, which have not been fully covered in the

previous chapters. It also serves as a supplement éatler discussions.

There are three main findings in this thesis:

1) Licensed Effect We focused on comparing the licensing effects ofIFND Q G -7 *)

KLOH ,PILFHQVLQJ KDV EHHQ H[WHQVLYHO\ VWXGLH
TG OLFHQVLQJ LQFUH D n¢uNtoy RadllsStuygpiotwdaRd) R |
reduces the secretion of inflammatory cytokines from M1 macrophages.

2) Potency assayThis thesis introduces several simpler and more feasible methods
for potency quantification compared to the traditional T cell proliferation assay,
which is considered the gold standard. Among these, measuring kynurenine
concentration proved to be the mestsitive and showed the strongest correlation
with the gold standard.

3) Apoptotic Body Effect: We explored the immunomodulatory effects of apoptotic
bodies derived from human bone marrow mesenchymal stromal cells. Our findings
revealed their strong immunomodulatory capacity, with different subtypes

distinguished by size

In addition to the findings mentioned above, weuld like to highlight several

important points for discussion.

First, based on our results, we can explore a new approach to developing
immunomodulatory drugs that focuses on allogenic T cell proliferation while also
considering their effects on immune cells such as macrophages and regulatory T cells.
These cells play crucial role in immunological reactions, and their frequency and

status can significantly influence the overall immune balance.
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Secondly, | speculate about the administration of apoptotic body samples in the
circulatory system. Due to the exposure of phosphatidylserine on the surface of
apoptotic bodies, the infused samples would be rapidly phagocytosed by macrophages
or monocytes[1, 2]. Subsequently, these macrophages may transition to the M2
phenotype, initiating aninflammatory cascade reactions, suchirdsbiting T cell

proliferation[3] and expanding regulatory T cejty.

To the best of my knowledge, it is difficult to compare the efficacy between
mesenchymal stromal cells and their apoptotic bodies, primarily due to challenges in
achieving equal quantification. Apoptotic bodies are typically quantified by protein
mass or prticle numbef5], whereas mesenchymal stromal cells are quantified by cell
count[6]. While we can compare the amounts of these two agents when they produce
similar therapeutic or biological effects, such as equivalent T cell proliferation

frequencies, this aspect is not included in this thesis.

Lastly, liposomes, which have a bilayer structure, are the most analogous to apoptotic
bodies derived from mesenchymal stromal cells. Liposomes are alseapirdved
market products. It has been reported thatused PBL1 nanoparticles can alleviate
acut and chronic coliti§7]. However, | believe the immunomodulation mediated by
apoptotic bodies extends beyond -BD Other components, such as surface

phosphatidylsering8, 9] and intralayer cytokinef], including potentiallL-10 [10]

and TGFqgd [11], may also play significant roles. Deeper exploration could reveal the
critical functions of apoptotic bodyediated immunomodulation. Currently, numerous
engineered vesicled 2], including apoptotic bodies, combine natural vesicles and
artificial nanopatrticles. These engineered vesicles exhibit tailored propgr@gs
enhanced targetinff4, 15] and improved stability12]. | believe this represents a

promising direction for the future of apoptotic body research.”
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1. Summary

In this thesis, we conducted a comprehensive study on the effects of cytokines on
mesenchymal stromal cells (MSCs), as well as apoptotic bodies derived from both naie
and licensed MSCs, including their sizasedsubpopulations. The key findings are

summarized as follows:

First, we found that different cytokines have distinct effects on innate and adaptive

immune responses. TGH licensing enhances the ability of MSCs to induce T cells
with an immunosuppressive phenotype, while 1N licensing strengthens the
inhibitory effect of MSCs on T cell proliferation. Both T&f§ and IFNghlicensing
enhance the MS@sbility to reduce the expression of griflammatory cytokines in

M1 macrophagdike THP-1 cells. Notably, IFNgh upregulates potential potency

markers such as extraeddr complement 1 subcomponent, kynurenine, and
intracellular interferorinduced GTPbinding protein Mx2. These three molecules may

serve as indicators of the immunomodulatory potency of MSCs.

Secondly, we found that apoptotic bodies derived from both naie and licensed MSCs
inhibited T cell proliferation, induced Tregs, sustained immunomodulatory CD73+ T
cells, and reduced the presence of activated CD69+ T cells. Lastly, we demonstrated
that the efficacy of apoptotic bodies is at least partly linked to their uptake efficiency.
These findings suggest potential licensing strategies to enhance the immunomodulatory

effects of MSCs and apoptotic bebgsed therapies.

Finally, we separated large and small apoptotic bodies based on their size using
different centrifugation conditions. Both types of apoptotic bodies were found to be
non-cytoxic and exhibited immunomodulatory potential in vitro. Compared to small

apoptoticbodies, the larger ones were more effective at inhibiting both human and
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mouse T cell proliferation, as well as promoting human M2 macrophage polarization.
Apoptotic bodies may offer a promising alternative to mesenchymal stromal cell (MSC)

therapies in future studies.

Overall, our hypothesis was that apoptotic bodies derived from {kdénsed MSCs
would exhibit greater immunomodulatory potential than those from naie MSCs.
However, this was not observed. Instead, we identified a subpopulation of apoptotic
bodies basedn size, with the larger apoptotic bodies proving to be more effective in
immunomodulation. In future studies, we will apply both types of apoptotic bodies in
a mouse model of ocular inflammation to further evaluate their immunomodulatory

capacity
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