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Comparison of immunotherapy mediated by apoptotic 

bodies, microvesicles and exosomes: �D�S�R�S�W�R�W�L�F���E�R�G�L�H�V�¶��

unique anti-inflammatory potential 1 
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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 anti-cancer treatment, while immunosuppression is used in the treatment of 
autoimmune disease and inflammation. Currently, with the update of newly invented 
simplified isolation methods and the findings of potent triggered immune responses, 
extracellular vesicle-based immunotherapy is very eye-catching. 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 biogenesis. Herein, we summarized the status of immunotherapy based on 
each kind of vesicle and discuss the possible involved mechanisms, respectively. In 
conclusion, we highlighted that the immunomodulatory effect of the apoptotic body is 
clear and strong. Apoptotic bodies have an excellent potential in immunosuppressive 
and anti-inflammatory 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 
some viral infections [1]. One of the immunosti�P�X�O�D�W�L�R�Q�¶�V���U�H�S�U�H�V�H�Q�W�D�W�L�Y�H���S�U�R�G�X�F�W���L�V���W�K�H��
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 anti-inflammatory treatment. This therapy is effective under several 

 
1���7�K�L�V���Z�R�U�N���Z�D�V���S�X�E�O�L�V�K�H�G�����-�L�Q�J���:�H�Q�����'�D�O�H���&�U�H�D�Y�H�Q�����;�L�D�Q�J�V�K�X���/�X�D�Q�����D�Q�G���-�L�H�P�L�Q���:�D�Q�J�
�����&�R�P�S�D�U�L�V�R�Q��
�R�I���L�P�P�X�Q�R�W�K�H�U�D�S�\���P�H�G�L�D�W�H�G���E�\���D�S�R�S�W�R�W�L�F���E�R�G�L�H�V�����P�L�F�U�R�Y�H�V�L�F�O�H�V���D�Q�G���H�[�R�V�R�P�H�V�����D�S�R�S�W�R�W�L�F���E�R�G�L�H�V�
��
�X�Q�L�T�X�H���D�Q�W�L���L�Q�I�O�D�P�P�D�W�R�U�\���S�R�W�H�Q�W�L�D�O�����-�R�X�U�Q�D�O���R�I���W�U�D�Q�V�O�D�W�L�R�Q�D�O���P�H�G�L�F�L�Q�H����������������������������������
�����������������V���������������������������������Z�� 
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conditions: (i) after allogeneic organ and/or tissue transplantation (graft-vs-host 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) [2-6]. All three subtypes have 
therapeutic potential as they act as important messengers in physiological and 
pathological conditions. 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 are small-sized 
particles formed during double invagination of the plasma membrane and the 
generation of intracellular multivesicular bodies (MVBs) wrapping intraluminal 
vesicles [10-12]. 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 considered to allow a higher cellular uptake than larger-size EVs in 
thermodynamic models and several experimental studies [7, 13, 14]. However, its 
surface membrane protein CD47 can bind to SIRP-�.�� �W�R�� �E�O�R�F�N�� �S�K�D�J�R�F�\�W�R�V�L�V�� �E�\�� �W�K�H��
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 system. Artificial CD47 knock-out [17] and CD47/SIRP-�.�� �F�R�P�S�H�W�L�W�L�Y�H��
occupancy [18] are two effective methods to allow exosomes to be phagocytosed. 

 

Figure 1. The number of publications about the three types of vesicles in the recent 
�G�H�F�D�G�H���� �7�K�H�� �G�D�W�D�� �Z�D�V�� �D�F�T�X�L�U�H�G�� �E�\�� �V�H�D�U�F�K�L�Q�J�� �H�D�F�K�� �Y�H�V�L�F�X�O�D�U�� �Q�D�P�H�� �D�V�� �³�W�R�S�L�F�´�� �L�Q�� �W�K�H��
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webofscience.com. This figure was generated by GraphPad Software (9.0.0).

 

Figure 2. Biogenesis of three kinds of vesicles. Exosomes form by undergoing 
intracellular multivesicular bodies pathway. Microvesicles (MVs) are shed 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 content into 
distinct membrane-enclosed vesicles. 
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Table 1. Basic comparison between exosomes, microvesicles (MVs) and apoptotic 
bodies (ApoBs) 

Microvesicles (MVs) are vesicles (0.1�±�����������P�����V�K�H�G���E�\���R�X�W�Z�D�U�G���E�O�H�E�E�L�Q�J���R�I���W�K�H���S�O�D�V�P�D��
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 multi-targeting. MVs and exosomes can target multiple cells depending on their 
parental cells. MVs also express vesicular CD47 [34, 35], and MVs are 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 antigen-presenting cells (APCs) to mediate 
immunostimulation [36, 37], while mesenchymal stromal cell (MSC)-derived 
exosomes are immunomodulatory. MSC-exosomes have been shown to have 
immunomodulatory effects in many autoimmune diseases including, GvHD [38], 
rheumatoid arthritis [39] and multiple sclerosis [40]. 

Compared to exosomes and microvesicles, the enthusiasm of the research community 
to study ApoBs is lower (Figure 1). However, ApoBs have very similar properties to 
exosomes except for their larger size (50-5000 nm) [28]. They are produced by 
apoptotic cells. Apoptosis begins with the condensation of the nuclear chromatin, 
followed by membrane blebbing, progressing to the disintegration of the cellular 
content into distinct membrane-enclosed vesicles termed ApoBs or apoptosomes [29, 
32] (Figure 2). Like MVs and exosomes, ApoBs also strongly affect recipient cells, 
which are professional phagocytes and nonprofessional neighboring cells [41]. But 
�X�Q�O�L�N�H�� �0�9�V�� �D�Q�G�� �H�[�R�V�R�P�H�V���� �$�S�R�%�V�¶�� �W�D�U�J�H�W�� �F�H�O�O�V�� �D�U�H�� �O�H�V�V�� �Y�D�U�L�D�E�O�H����Among all the 
recipient cells, the main target cells are macrophages, dendritic cells (DCs) and the 
neighboring cells on the apoptosis site. Both macrophages and DCs play an important 
role in modulating the immune system. After phagocytosing ApoBs, macrophages 
polarize to anti-inflammatory M2 phenotype [42] while, tumor-derived ApoBs induce 
DCs to pro-inflammatory mature phenotype [43]. 
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Overall, exosomes, MVs and ApoBs have a similar lipid bilayer membrane and carry a 
gene and protein cargo. Also, all 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 effect on immune 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 potential involved mechanism which causes the difference was 
also analyzed.  

2. Comparison of immunotherapy 

2.1 Immunotherapy mediated by exosomes 

�(�[�R�V�R�P�H�V�¶�� �U�H�F�L�S�L�H�Q�W���F�H�O�O�V�� �Y�D�U�\�� �G�H�S�H�Q�G�L�Q�J�� �R�Q�� �W�K�H�� �G�H�U�L�Y�D�W�L�R�Q���� �+�R�P�L�Q�J�� �H�I�I�H�F�W�� �W�R�� �W�D�U�J�H�W��
their parental cells, ligand-receptor binding-mediated targeting and macrophage-
dependent clearance are three major theories of exosome targeting. 1) The homing 
effect refers to the exosomes�¶ ability to home to their cells type of origin, for example, 
tumor-exosomes target and alter tumor cell in tumor microenvironment [44, 45]. The 
mechanism of homing is still unclear, but it essentially may be a ligand-receptor effect. 
2) Ligand-receptor binding also called active targeting. Active targeting is where a 
targeting 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 together to design exosome treatment strategies. 

2.1.1 Immunostimulation mediated by exosomes 

The most typical immunostimulation model induced by exosomes is tumor 
immunotherapy elicited by tumor-derived exosomes. Regarded as a very potential 
tumor vaccine, exosomes carry sufficient antigens from their parent cells. After being 
presented by APCs or directly recognized by T-cell receptors [51], an 
immunostimulatory cascade reaction is initiated and thus leads to a beneficial pro-
inflammatory anti-tumor effect [52]. 

However, the binding of exosomal surface CD47 and SIRP-�.��cau�V�H�V���D���³�G�R�Q�¶�W���H�D�W���P�H�´��
�V�L�J�Q�D�O�� �>�������� �����@���� �H�Q�D�E�O�L�Q�J�� �H�[�R�V�R�P�H�¶�� �L�P�P�X�Q�H�� �H�V�F�D�S�H�� �I�U�R�P�� �0�3�6���� �7�K�H�� �O�R�Z-efficient 
phagocytosis, resulting in less antigen-presenting, is a challenge 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 low-efficient phagocytosis obstacle, there are currently three main 
strategies discussed: 
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(1) In vitro incubating antigen-carrying 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 E0771-derived exosomes 
were reported to contain immunomodulatory molecules such as HSP70, HSP90, 
MHC I and MHC II. After incubating with exosomes in vitro, mice dendritic DC2.4 
cells (mice bone marrow-derived dendritic cells) increase the proliferation and 
migration abilities, accompanied by the upregulation of CD40 (a marker of mature 
DC). These tumor-bearing mice (DCs-treated) exhibited decreased tumor growth 
and sufficient T-cell infiltration [54]. Importantly, in another research paper, 
exosome-incubated DCs can induce stronger stimulatory reactions and anti-tumor 
effects than tumor lysate-incubated DCs [55], demonstrating the sufficiency and 
high efficiency of antigens carried by exosomes. 

(2) Using dying tumor cell-derived exosomes. DCs fail to recognize live tumor cells 
and cease to become activated, but DCs can be activated by antigens from apoptotic 
tumor cells. Thus, Zhou et al. prepared dying tumor 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 mechanism of 
apoptotic vesicles likely involved the exposed phosphatidylserine, similar to ApoBs. 
This mechanism will be discussed in a later chapter. 

(3) Antigens, adjuvant or other therapeutic agent co-delivery. Generally, this co-
delivery method is to strengthen immunostimulation. The research above using 
apoptotic cell-derived exosomes [56] also involves adjuvant and siRNA to enhance 
the therapeutic effect. Zhou et al. used MART-1 to expand T-cell-related responses 
and CCL22 siRNA to impede CCR4/CCL22 axis between Tregs and DCs. 
�&�R�P�P�R�Q�O�\���X�V�H�G���D�G�M�X�Y�D�Q�W���L�Q�F�O�X�G�H�V���&�S�*���'�1�$���>�����@���D�Q�G���.-galactosylceramide [55]. 

Regarding the CD47-targeting strategy, exosomes can be utilized to block tumoral 
�&�'������ �E�L�Q�G�L�Q�J�� �Z�L�W�K�� �0�3�6�� �6�,�5�3�.���� �D�Q�G�� �W�K�X�V�� �O�H�D�G�L�Q�J�� �W�R�� �L�P�S�U�R�Y�H�G�� �S�K�D�J�R�F�\�W�R�V�L�V���� �7�K�L�V��
immunostimulation was caused by exosomes indirectly because exosomes are not 
regarded as the presented antigen. �)�R�U���H�[�D�P�S�O�H�����E�\���W�U�D�Q�V�I�H�F�W�L�Q�J���6�,�5�3�.���S�O�D�V�P�L�G���'�1�$����
�6�,�5�3�.-expressed exosomes display an excellent affinity to CD47-naturally-
overexpressed cancer HT29 cells. Due to the binding of tumoral CD47-exosomal 
�6�,�5�3�.���� �P�D�F�U�R�S�K�D�J�H�V�� �F�D�Q�Q�R�W�� �U�H�F�R�J�Q�L�]�H�� �W�X�P�R�U�D�O�� �&�'������ �³�G�R�Q�¶�W�� �H�D�W�� �P�H�´�� �V�L�J�Q�D�O�V�� �D�Q�G��
phagocytose more tumor cells. This will also enable intensive T-cell infiltration and 
thus reduce the volume of the tumor in vivo [16].  

Except for tumor-derived cells/exosomes, M1 macrophage-derived exosomes are 
studied to enhance immunostimulation as M1 is a commonly considered pro-
inflammatory cell phenotype. Mice M1 macrophage cell RAW264.7-derived exosomes 
are reported to be able to increase M0 RAW264.7 releasing pro-inflammatory cytokines, 
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while M2 RAW264.7-derived exosomes cannot. Exosome treated M0 RAW264.7 
secreted cytokines induce murine breast cancer cells 4T1 apoptosis [58].  

2.1.2 Immunosuppression mediated by exosomes 

The previous paragraph discussed the role of tumor-derived exosomes that cause 
immune stimulation. In fact, most of the tumor-derived exosomes naturally induce 
immunosuppressive functions and are a very important component of the 
immunosuppressive tumor microenvironment [59-61]. These exosomes, especially 
Programmed Death-Ligand 1 (PD-L1)-expressing tumor exosomes, are produced in 
autologous tumor tissue and benefit tumor progression [62-64]. Autologous tumoral 
and PD-L1-carrying exosomes contribute to immunosuppression and impede anti-PD-
1 therapy [65] via inducing tumor-specific 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 Macitentan (a new chemical compound) to inhibit these autologous 
tumoral EV secretion, the binding to PD-1 and PD-L1 decreases and thus enhancing 
the CD8+ T cell-mediated tumor killing and anti-PD-L1 therapy [68]. 

MSC have antigen-presenting properties [69]. This property is relevant to 
immunomodulation and immune tolerance [70-72]. Effecting similarly with their 
parental cells, MSC-exosomes are also reported to involve antigen-presenting pathways, 
which can induce more Tregs in the presence of DCs than absence [73]. This 
demonstrated that MSC-exosomes might present the relevant antigens to DCs, but not 
directly affect T cells. However, MSC-exosomes antigen presenting mechanism of 
action is currently lacking explanation. Despite the lack of explanation, the 
immunomodulatory effect of MSC-exosomes 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 diseases, including graft-versus-host 
disease [38, 76], rheumatoid arthritis [39, 77] and uveitis [78, 79]. 

2.2 Immunotherapy mediated by 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 
exosomes, 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 particles, 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 
CD47 [34, 35] to enable extended circulation times and multi-targeting properties. In 
this review, we speculate MV and exosomes function similarly. 
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In the case of similar effects, tumor and MSC-derived MVs were also widely studied. 
Like their exosomes, tumor-derived MVs can induce mature DCs in vitro and cause an 
anti-tumor immunostimulatory response [37]. MSC-derived MVs are 
immunomodulatory and have demonstrated the ability to modulate inflammatory 
responses [84, 85]. Apart from tumor and MSC-MVs other immunotherapies of 
different MVs are also interesting. In the aspect of immunostimulation, activated CD4+ 
effector cells are immunostimulatory. Their MVs target microvascular endothelial cells. 
Proteomics analysis showed these inflammation-related cell-derived MVs were 
enriched with proteins involved in pro-inflammatory processes. CD4+ MVs have been 
shown to inhibit endothelial wound healing and induce endothelial cell apoptosis [86]. 
The activated T cell-derived MVs are also proven to deliver gene signal miR-4443 to 
the mast cell, leading to their activation in the T cell-mediated inflammation [87]. These 
facts further demonstrate MVs function similarly to their parental cells. 

2.3 Immunotherapy mediated by ApoBs 

Unlike the multi-targeting potential of exosomes, ApoBs are eliminated by two main 
�N�L�Q�G�V�� �R�I�� �F�H�O�O�V���� �7�K�H�� �I�L�U�V�W�� �L�V�� �D�� �³�S�U�R�I�H�V�V�L�R�Q�D�O�� �S�K�D�J�R�F�\�W�H�´�� �V�X�F�K�� �D�V�� �D�� �P�D�F�U�R�S�K�D�J�H�� �D�Q�G��
�L�P�P�D�W�X�U�H�� �'�&���� �7�K�H�� �R�W�K�H�U�� �L�V�� �³�Q�R�Q-professional neighboring �F�H�O�O�V�´�� �V�X�F�K�� �D�V�� �W�K�H��
neighboring tumor cells. More importantly, the lack of CD47 enables rapid clearance 
and its fewer off-target effects. Therefore, compared with EVs, the most potent 
advantage of ApoBs is a clear target cell. 
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Figure 3. Three major pathways to clear apoptotic bodies. The clearance via 
macrophages and dendritic cells (DCs) can be used in immunotherapy. 

2.3.1 Anti -inflammatory  and immunosuppressive: Phagocytosed by macrophages 
and inducing M2 phenotype. 

Macrophages are an integral part of the innate immune response, white blood cells 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 conversion [88-91]. These authors speculated 
�W�K�D�W���$�S�R�%�V���R�U���D�S�R�S�W�R�W�L�F���F�H�O�O�V���F�R�Q�W�D�L�Q�H�G���³�G�H�D�G�´���D�Q�G���³�L�Q�M�X�U�H�G�´���V�L�J�Q�D�O�V�����7�K�H���P�D�F�U�R�S�K�D�J�H�V��
phagocytose ApoBs and initiate a negative feedback loop, in other words, macrophages 
differentiate into anti-inflammatory/regeneration-facilitating M2 phenotype. Among all 
the ApoBs in mediating M2 macrophage, MSC-derived 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 efferocytosis-induced 
inflammatory pathways in alveolar macrophages mediate immunomodulation and 
reduce disease severity of autoimmunity [93]. The immunomodulatory potency of 
apoptotic MSCs is even higher than alive MSCs [94]. These findings likely reveal that 
an apoptotic MSC is the most immunomodulatory status of MSC. The eventual 
outcome of apoptosis is ApoBs production. This may predict the strong 
immunomodulation of MSC-derived ApoBs. In other words, MSC-ApoBs have the 
potential to be a more direct therapeutic agent than MSC itself. In addition, ApoBs are 
more in line with the concept of cell-free therapy, its immunogenicity is lower than 
MSC in theory. In all, MSC-ApoBs 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 MSC-ApoBs 
facilitate cutaneous wound healing by polarizing M2 macrophages [42]. Also, to induce 
M2 phenotype, Zheng et al. utilized MSC-ApoBs (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 macrophages in vivo [95]. 

2.3.2 Pro-inflammatory: Phagocytosed by DCs 

As mentioned above, macrophage phagocytosing results in an anti-inflammation 
response. This response can switch to a pro-inflammatory status when the phagocytic 
cells become DCs. It has been widely reported in the establishment of apoptotic tumor 
cell-phagocytosed DCs for immunotherapy [96-100]. DCs that acquired antigens from 
apoptotic tumor cells are able to induce major histocompatibility complex (MHC) class 
I-restricted cytotoxic T cells and anti-tumor immunity [98].  

DCs, which load myeloma cell-derived ApoBs, can induce myeloma-specific T cells, 
leading to the activation of myeloma-reactive allogeneic T lymphocytes that produce 
IFN-�����>�������@���� �0�H�D�Q�Z�K�L�O�H���� �D�O�O�R�J�H�Qeic DCs from healthy donors, 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 from tumor 
cells, the ApoBs can induce a stronger autologous T-cell response in chronic 
lymphocytic leukaemia. In this clinical trial, ApoB-loaded DCs induce stronger T-cell 
responses with higher expression of IL-2 and IFN-�����>�������@�����7�K�L�V���G�H�P�R�Q�V�W�U�D�W�H�V���$poBs 
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can induce better immunostimulatory DCs than tumor lysate. However, these ApoB-
activated DC studies are slightly dated and have been completed more than ten years 
ago. Their methods and technology to characterize ApoBs are limited. This is a clear 
limitation of these studies. 

Compared to the macrophage-ApoBs strategy, the DC-involved ApoB study 
preferentially incubates ApoBs with DCs in vitro before injecting DC in vivo, while the 
ApoBs-macrophage strategy enables direct in-vivo fusion. We speculated this may 
account for 1) macrophage is the major population of tissue-resident mononuclear 
phagocytes [103]; 2) the increased phagocytosis capacity of macrophages [104]; 3) 
ApoBs are inclined to be phagocytosed by macrophages because of exposed 
phosphatidylserine (PS) [105]. If ApoBs can be accurately delivered to DC, infusing 
them in vitro prior to injection is unnecessary and the immunosuppression of tumor 
microenvironment will be greatly improved. 

2.3.3 Phagocytosed by neighbouring cells 

The third way of phagocytosing ApoBs is through neighboring cells. If the professional 
phagocyte is not abundant at the apoptosis site, non-professional neighbors usually 
clear ApoBs during development [106]. However, this phagocytosis does not directly 
connect to the immune response. In this neighboring cell-phagocytosing mechanism, 
ApoBs mainly play a role in promoting cell growth and proliferation [107-110]. 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 
loading-feasible 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 vesicle-core 
cargo loading, membrane modification and membrane fusion engineering (Figure 4). 
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Figure 4. Commonly used 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 of non-organic 
procedures and includes alterations to the genes and proteins. For example, 4T1 tumor 
cell-derived exosomes loaded with miR-142, miR-155 or Let-7i respectively by 
electroporation [111]. Each kind of microRNA-loading enhances the effect on DC 
maturation and thus mediates an immunostimulatory response. On the contrary, 
monocytic THP-1 cell-derived exosomes loading with miR-146a or miR494 exhibit an 
enhanced inhibitory effect on DC maturation [112]. These two studies sufficiently 
demonstrate the importance of vesicle cargo. These micr�R�5�1�$�¶�V���L�P�P�X�Q�R�V�W�L�P�X�O�D�W�R�U�\��
or immunosuppressive effect needs to be verified in advance, and loading into 
exosomes amplifies their effect. As for protein delivery, ovalbumin is often loaded in 
the nanoparticle to mediate allergen-specific tolerance in the ovalbumin-induced 
allergic inflammation model. In an ovalbumin-caused allergic rhinitis mice model, 
exosomes play an important role as a messenger. Exosomes simultaneously deliver 
allergens (ovalbumin) and CpG DNA, an adjuvant that can induce a Th1 immune 
response, for the treatment of allergic rhinitis. Ovalbumin was expressed in the 
exosomes by transfecting ovalbumin plasmid DNA into cells. Ovalbumin-loaded 
�H�[�R�V�R�P�H�V�� �Z�H�U�H�� �G�H�O�L�Y�H�U�H�G�� �W�R�� �W�K�H�� �P�L�F�H�¶�V�� �Q�D�V�R�S�K�D�U�\�Q�[-associated lymphoid tissue and 
were primarily absorbed by the DCs via intranasal administration. Intranasally 
administering ovalbumin-loaded exosomes increased ovalbumin-specific 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 dexamethasone (DEX) 
therapy and achieve an accurate delivery to inflamed kidney, DEX was encapsulated 
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into macrophage-derived MVs, because macrophage-derived EV can interact with 
inflamed endothelium through exosomal adhesion molecules. Macrophage-derived 
MVs deliver DEX into the kidney and suppress renal fibrosis and inflammation without 
glucocorticoid adverse 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 leads to an accurate delivery. For example, glioblastoma EVs, modified 
with a high-affinity ligand LewisY by insertion, can target DC-specific intercellular 
adhesion molecule-3-grabbing non-integrin. This therefore 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]. For 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 insert 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[dibenzocyclooctyl(polyethylene glycol) (DSPE-PEG-
DBCO). The DBCO-combined nanoparticle can capture circulating melanoma cells by 
azide-DBCO 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. Seldom can EVs be modified complexly and 
directly like this. 

3 Involved mechanisms causing macrophagic post-phagocytic anti-
inflammation of ApoBs 

As demonstrated above, compared with the multi-target properties of MVs and 
�H�[�R�V�R�P�H�V�����$�S�R�%�V�¶���W�D�U�J�H�W���L�V���P�X�F�K���V�L�P�S�O�H�U�����Z�K�L�F�K���W�H�Q�G�V���W�R���E�H���X�S�W�D�N�Hn by the phagocyte 
system. This review summarizes three main mechanisms involved of the target 
tendency. 

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

�(�[�R�V�R�P�H�V�¶���V�L�]�H���L�V���F�R�Q�W�U�R�Y�H�U�V�L�D�O�����)�R�U���G�H�F�D�G�H�V�����W�K�H�U�H���K�D�V���Q�R�W���E�H�H�Q���D�Q�\���D�F�F�X�U�D�W�H���U�D�Q�J�H���I�R�U��
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 population of EVs. 
The size is approximately 30-150 nm [6, 9]. 

In this review, we exemplify liposomes, an analogy with EVs, to demonstrate the size-
�G�H�S�H�Q�G�H�Q�W���S�U�R�S�H�U�W�\���R�I���(�9�V�����1�R�Z�D�G�D�\�V�����R�Q���W�K�H���R�Q�H���K�D�Q�G�����G�L�U�H�F�W���H�Y�L�G�H�Q�F�H���R�I���(�9�V�¶���V�L�]�H-
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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, milk-derived EV 
has been studied for oral administration [119].) Ong et al. [120] used griseofulvin as a 
�P�R�G�H�O���G�U�X�J���H�Q�F�D�S�V�X�O�D�W�H�G���E�\���G�L�I�I�H�U�H�Q�W���V�L�]�H�V���R�I���O�L�S�R�V�R�P�H�V�����6�P�D�O�O�H�U���O�L�S�R�V�R�P�H�V�¶�����”��00 nm) 
bioavailability was higher by approximately three times compared to larger liposomes 
���•�����������Q�P�������0�H�D�Q�Z�K�L�O�H�����W�K�H���V�P�D�O�O�H�U���V�L�]�H���D�O�V�R���V�L�J�Q�L�I�L�H�V���L�P�S�U�R�Y�H�G���V�W�D�E�L�O�L�W�\�����)�D�U�R�R�T���H�W���D�O����
[121] modified liposomes with D-�.-tocopheryl polyethylene glycol 1000 succinate 
(TPGS) to generate TPGS-liposomes of smaller sizes. As a result, after 7 days at 4°C, 
the size increment of the TPGS-liposome 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 from 50 nm to 1000 
nm. It is mainly because ApoBs are lysed from apoptotic cells. So its size is uneven. 
�$�F�F�R�U�G�L�Q�J���W�R���W�K�H���F�X�U�U�H�Q�W���O�L�W�H�U�D�W�X�U�H���P�R�V�W���R�I���$�S�R�%�V���D�U�H���D�E�R�X�W���������P���>�����@�����7�K�H��large size 
may represent targeting macrophages because phagocytosis is regarded as the uptake 
�R�I���S�D�U�W�L�F�O�H�V���O�D�U�J�H�U���W�K�D�Q�������������P���>�������@�����7�K�L�V���W�K�H�R�U�\���Z�D�V���D�O�V�R���S�U�R�Y�H�Q���L�Q���U�H�F�H�Q�W���\�H�D�U�V�����)�R�U��
example, 1000 nm-liposomes could deliver the drug to rat alveolar macrophages better 
than smaller liposomes [123]. Only liposomes larger than 600 nm can lead to 
mononuclear phagocytes secreting IL-2 to induce the Th1 immune response [124]. 

3.2 Different surface molecules�����$�S�R�%�V���K�D�Y�H���³�H�D�W-�P�H�´���V�L�J�Q�D�W�X�U�H�V 

Apoptotic cells and ApoBs are destined to be phagocyted by macrophages. They can 
be recognized by a variety of receptors on the surface of macrophages that can bind to 
apoptotic surface ligands and phagocytosis is initiated. Apoptotic cell surfaces are 
�F�K�D�U�D�F�W�H�U�L�]�H�G�� �E�\�� �G�H�F�U�H�D�V�H�G�� �³�G�R�Q�¶�W�� �H�D�W�� �P�H�´�� �P�R�O�H�F�X�O�H�V�� �V�X�F�K�� �D�V�� �&�'������ �>���������� �������@�� �D�Q�G��
CD31 [127-�������@�����D�Q�G���R�Y�H�U�H�[�S�U�H�V�V�H�G���³�H�D�W-�P�H�´���V�L�J�Q�D�O�V�����V�X�F�K���D�V���F�H�O�O-surface calreticulin 
and exposed phosphatidylserine (Table 1 and Figure 5). These alterations trigger 
phagocytosis via macrophages, which then drives polarization to M2 phenotypes and 
anti-inflammatory signalling. 
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Table 2. The molecules involved in the phagocytosis of ApoBs by macrophages 

 

Figure 5. The molecules involved in the phagocytosis of ApoBs by macrophages. 

Among these signals, the exposed PS is the most widely �V�W�X�G�L�H�G���³�H�D�W-�P�H�´���V�L�J�Q�D�O���>�����@����
When apoptosis occurs, 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, anti-inflammatory signaling is triggered within these phagocytes. 

By utilizing PS-�P�H�G�L�D�W�H�G�� �³�H�D�W-�P�H�´�� �V�L�J�Q�D�O���� �W�K�H�U�H�� �D�U�H�� �V�H�Y�H�U�D�O�� �$�S�R�%-inspired 
nanoparticles prepared: ������ �8�W�L�O�L�]�L�Q�J�� �P�D�F�U�R�S�K�D�J�H�¶�V�� �D�I�I�L�Q�L�W�\�� �W�R�� �3�6���� �/�L�X�� �H�W�� �D�O���� �>�������@��
synthesized ApoB-mimicking nanoparticles. This nanoparticle could externalize its 
inner PS triggered by overexpressed matrix metalloproteinase 2 (MMP2) in the tumor 
site. Once phagocytosed by macrophages, it releases cytotoxic drugs to kill the 
macrophages and then damage the tumor microenvironment. 2) Using PS, Kraynak et 
al, [138] mimicked ApoBs by presenting it in the context of a generic stromal cell 
membrane from 3T3 fibroblasts. The PS-supplemented particle is anti-inflammatory 
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 polarizes the macrophages to their 
M2 phenotype. 

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

3.3 The possible essence of phagocytosed 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 anti-inflammatory 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 pro-inflammatory [142-145].  

In the above chapter, DCs phagocytose ApoBs and then trigger the immunostimulatory 
response. However, this reaction needs to be intervened in vitro. In other words, 
naturally occurring apoptosis and phagocytosis triggers anti-inflammation responses. 
The phagocytosis process of apoptotic material also promotes intrinsic mechanisms 
such as tissue growth and remodeling, regeneration and resolution of injury and 
inflammation.  

In terms of the apoptosis-involved anti-inflammatory mechanism, at first, apoptosis, 
especially caspase-dependent 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 cell-death form that withholds the release of 
alarmins by dying cells and dictates the generation of anti-inflammatory mediators 
[148]. A recent study also demonstrated the inducible caspase-9-mediated apoptotic 
MSC exhibited stronger immunosuppressive properties than conventional MSC in vitro 
[149]. Besides, anti-inflammatory caspase, exposed-PS, a typical signal on the surface 
of the apoptotic cells, is a global immunosuppressive [150] and anti-inflammatory [151] 
molecule. PS-dependent ingestion of apoptotic cells promotes macrophage-secreting 
TGF-������ �D�Q�G���W�K�H���U�H�Volution of inflammation [152, 153]. Also, in tumors, PS released 
from tumor apoptotic cells polarizes M2-like macrophage via the PSR-STAT3-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 phenotype [154-156]. 

In addition, the post-phagocytosis mechanism of the apoptotic cells has also been 
summarized as 1) Nuclear receptors actively inhibit the formation of pro-inflammatory 
cytokines; and 2) Macrophages respond to the uptake of apoptotic cells/ ApoBs by 
releasing anti-inflammatory 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 immunosuppressive functions. It is very clear that ApoBs target 
professional and non-professional phagocytes. Based on their immunosuppressive and 
anti-inflammatory properties, ApoBs are likely to have big potential in treating 
autoimmunity and inflammation. 
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CHAPTER 1 

Immunomodulatory potential of cytokine-licensed human 

bone marrow-derived mesenchymal stromal cells correlates 

with potency marker expression profile1 

Keywords: mesenchymal stromal cells, licensing, immunomodulation, potency 
assay, IFN-�������7�*�)-���� 

Abstract 

Cytokine(s) pre-activation/licensing is an effective way to enhance the 
immunomodulatory potency of mesenchymal stromal cells (MSCs). Currently, IFN-����
licensing received the most attention in comparison with other cytokines. 

After licensing human bone marrow-derived MSCs with pro-/anti-inflammatory 
cytokines IFN-������ �,�/-�������� �7�1�)-�.���� �7�*�)-������ �D�O�R�Q�H�� �R�U�� �L�Q�� �F�R�P�E�L�Q�D�W�L�R�Q���� �W�K�H�� �L�Q-vitro 
immunomodulatory potency of these MSCs was studied by incubating with allogenic 
T cells and macrophage-like THP-1 cells. In addition, immunomodulation-related 
molecules filtered by bioinformatics, complement 1 subcomponent (C1s) and 
interferon-induced GTP-binding protein Mx2 (MX2), were studied to verify whether 
they reflect the immunomodulatory potency.  

Herein, we reported that different cytokines cause different effects on the function of 
MSC. While TGF-�������O�L�F�H�Q�V�L�Q�J���H�Q�K�D�Q�F�H�V���W�K�H���F�D�S�D�F�L�W�\���R�I���0�6�&�V���W�R���L�Q�G�X�F�H���7���F�H�O�O�V���Z�L�W�K��
an immunosuppressive phenotype, IFN-��-licensing strengthens the inhibitory effect of 
MSC on T cell proliferation. Both TGF-�������D�Q�G���,�)�1-�����O�L�F�H�Q�V�L�Q�J���F�D�Q���H�Q�K�D�Q�F�H���W�K�H���H�I�I�H�F�W��
of MSC on reducing the expression of pro-inflammatory cytokines by M1 macrophage-
like THP-1 cells. Interestingly, IFN-���� �X�S�U�H�J�X�O�D�W�H�V�� �S�R�W�H�Q�W�L�D�O�� �S�R�W�H�Q�F�\�� �P�D�U�N�H�U�V��
extracellular C1s and kynurenine (KYN) and intracellular MX2. These three molecules 

 

1 This work is published. Jiemin Wang, Yingying Zhou, Ellen Donohoe, Aoife Canning, 

Seyedmohammad Moosavizadeh, Aideen E. Ryan, and Thomas Ritter. Immunomodulatory potential of 

cytokine-licensed human bone marrow-derived mesenchymal stromal cells correlates with potency 

marker expression profile. Stem cells (Dayton, Ohio), 2024; 10.1093/stmcls/sxae053. 
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have the potential to reflect mesenchymal stromal cell immunomodulatory potency. In 
addition, we reported that there is a synergistic effect of TGF-������ �D�Q�G�� �,�)�1-���� �L�Q��
immunomodulation. 

1. Introduction  

Currently, mesenchymal stromal cells (MSCs) are investigated for their potential as 
novel immunosuppressive [1, 2] and anti-inflammatory [3-5] treatment. Briefly, in 
terms of mechanism, MSCs are shown to inhibit T cell proliferation [6] and also expand 
regulatory T cells (Tregs) [7]. Moreover, MSCs also can polarize macrophages to M2-
like anti-inflammatory phenotype [8]. Due to these immunomodulatory properties 
MSCs were applied in many clinical trials [9], however, their limited therapeutic 
efficacy in patients [10] has prevented a more widespread application. Therefore, 
alternative techniques need to be developed to make MSC more efficacious and to 
identify MSCs with strronger immunomodulatory capacity. 

Licensing, which is also known as cytokine-activating, is a convenient and effective 
way to enhance the immunomodulatory potential of MSCs [11, 12]. It was reported that 
IFN-�������D���S�U�R-inflammatory cytokine, can induce MSCs to be more immunomodulatory 
[11]. IFN-�����O�L�F�H�Q�V�L�Q�J���Z�D�V���Y�H�U�L�I�L�H�G���W�R���H�Q�K�D�Q�F�H���W�K�H���L�Q�K�L�E�L�W�R�U�\���H�I�I�H�F�W���R�I���0�6�&���R�Q���7���F�H�O�O��
proliferation. Currently, researchers have primarily prepared good manufacturing 
practice manufactured IFN-�����O�L�F�H�Q�V�H�G���0�6�&�V���I�R�U���F�O�L�Q�L�F�D�O���W�U�L�D�O�V���>�����@�����%�H�V�L�G�H�V�����R�W�K�H�U���S�U�R-
inflammatory cytokines like IL-������ �>�������� �����@���D�Q�G���7�1�)-�.�� �>�������� �����@���Z�H�U�H���D�O�V�R���V�W�X�G�L�H�G���W�R��
enhance the potency of MSCs. Lastly, in addition to pro-inflammatory cytokines, our 
previous study using murine MSCs demonstrated that TGF-���������D�V���D�Q���D�Q�W�L-inflammatory 
cytokine, also can induce stronger immunomodulatory MSCs in vitro and in a corneal 
allograft rejection model [18]. Other groups also reported TGF-�������O�L�F�H�Q�V�L�Q�J���H�Q�K�D�Q�F�H�V��
CXCR3-mediated MSC engraftment to the liver and strengthens anti-inflammatory 
efficacy [19].  

IFN-�����O�L�F�H�Q�V�L�Q�J���F�D�Q���V�W�U�H�Q�J�W�K�H�Q���W�K�H���L�P�P�X�Q�R�P�R�G�X�O�D�W�R�U�\���S�R�W�H�Q�F�\���R�I���0�6�&�V���K�R�Z�H�Y�H�U���L�W���L�V��
important to have assays developed for potency testing of clinical-grade MSC products 
[20, 21]. This would satisfy mechanistic research of MSC and its final registration for 
clinical research [22-24]. 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-�����L�V���Y�H�U�L�I�L�H�G���W�R���X�S�U�H�J�X�O�D�W�H���W�K�H�V�H���W�Z�R���L�P�P�X�Q�R�V�X�S�S�U�H�V�V�L�Y�H���S�U�R�W�H�L�Q�V���3�'-
L1 [11, 12] and IDO1 [14, 15] of MSCs. Next, metabolized by IDO1 [28], kynurenine 
(KYN) is enriched by IDO1-upregulated cells [29, 30] and we speculated that this 
amino acid is elevated 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 can be influenced by other cytokines. In 
addition, by comparing publicly available sequencing data, we discovered Complement 
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C1s subcomponent (C1s) and Interferon-induced GTP-binding protein Mx2 (MX2) 
may be upregulated in IFN-��-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���,�)�1-�����L�Q���0�6�&�V����TGF-����-licensed 
MSC induce a higher frequency of regulatory T cells (Tregs), also a higher frequency 
of CD73hi and CD69low T cells, while IFN-�����O�L�F�H�Q�V�L�Q�J���H�Q�K�D�Q�F�H�V���W�K�H���H�I�I�H�F�W���R�I���0�6�&���R�Q��
inhibiting T cell proliferation. Both TGF-�������D�Q�G���,�)�1-�����O�L�F�H�Q�V�L�Q�J���F�D�Q���H�Q�K�D�Q�F�H���W�K�H���H�I�I�H�F�W��
of MSC on reducing the expression of TNF-�.���D�Q�G���,�/-�������E�\���0�����P�D�F�U�R�S�K�D�J�H-�O�L�N�H�����0���3����
THP-1 cells. Lastly, IFN-�����X�S�U�H�J�X�O�D�W�H�V���H�[�W�U�D�F�H�O�O�X�O�D�U���S�U�R�W�H�L�Q���&���V�����.�<�1���D�Q�G���L�Q�W�U�D�F�H�O�O�X�O�D�U��
MX2. These three molecules have the potential to reflect the immunomodulatory 
potency of MSC. 

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 (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 collected, washed, and resuspended in an 
MSC culture medium. After 24 hours of cultivation, nonadherent cells were removed, 
fresh medium was added, and individual colonies of fibroblast-like cells were allowed 
to expand and approach confluence prior to passage. 

�+�X�P�D�Q�� �0�6�&�V�� �Z�H�U�H�� �F�X�O�W�X�U�H�G�� �L�Q�� �.-MEM (BioSciences, Dublin, Ireland) with 1% 
penicillin/streptomycin (Sigma-Aldrich, Wicklow, Ireland), 10% fetal bovine serum 
(FBS) (Sigma-Aldrich, Wicklow, Ireland), and 1 ng/mL FGF-2 (Sigma-Aldrich, 
Wicklow, Ireland).  

2.2 Macrophage-like THP-1 cell culture 

THP-1 cells are monocytes. THP-1 cells and human peripheral blood cells were 
cultured in RPMI-1640 (Sigma-Aldrich, Wicklow, Ireland) with 10% heat-inactivated 
FBS (Thermo Fisher Scientific, Dublin, Ireland), 1% L-Glutamine (Sigma-Aldrich, 
Wicklow, Ireland), and 1% penicillin/streptomycin (Sigma-Aldrich, Wicklow, Ireland).  

THP-1 cells were incubated with 100 ng/mL PMA (Sigma-Aldrich, Wicklow, Ireland) 
for 24 hours to differentiate to macrophage-like THP-1 cells. After 24 hours, the 
differentiated macrophage-like THP-1 cells were attached to the flask. After washing 
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off the suspended undifferentiated cells, macrophage-like THP-1 cells were incubated 
with LPS (100 ng/mL) (Sigma-Aldrich, Wicklow, Ireland) and IFN-���� �������� �Q�J���P�/����
(Peprotech, London, UK)) for another 24 hours to induce M1 macrophage-�O�L�N�H�����0���3����
THP-1 cells. 

2.3 Cytokine licensing 

After the plastic adherence of MSCs (density: 3.7~4.2 ×106 cells/ T175 flask ), the 
medium was removed and replaced with basal medium containing single recombinant 
human cytokines including 50 ng/mL TGF-���������������Q�J���P�/�����,�/-���������������Q�J���P�/���7�1�)-�.���D�Q�G��
50 ng/mL IFN-�����R�U���D���F�R�P�E�L�Q�D�W�L�R�Q���R�I���D�Q�\���W�Z�R���R�I���W�K�H���D�I�R�U�H�P�H�Q�W�L�R�Q�H�G���F�\�W�R�N�Lnes (all from 
�3�H�S�U�R�W�H�F�K�����8�.�����I�R�U���D���S�H�U�L�R�G���R�I���������K�R�X�U�V�����&�H�O�O�V���Z�H�U�H���W�K�H�Q���Z�D�V�K�H�G���W�Z�L�F�H���Z�L�W�K���'�X�O�E�H�F�F�R�¶�V��
phosphate-buffered saline (DPBS) (Thermo Fisher Scientific) and used in subsequent 
assays. MSC of passages one to five were used in this study. Non-licensed MSC was 
called naïve MSC in the later chapters. 

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

PBMCs were stained with the CellTrace�Œ Violet proliferation kit (Thermo Fisher 
�6�F�L�H�Q�W�L�I�L�F�����'�X�E�O�L�Q�����,�U�H�O�D�Q�G�����D�F�F�R�U�G�L�Q�J���W�R���W�K�H���P�D�Q�X�I�D�F�W�X�U�H�U�¶�V���S�U�R�W�R�F�R�O���D�Q�G���V�H�H�G�H�G���L�Q��������
well-round bottom plates (Sarstedt) at a concentration of 1×105 �F�H�O�O�V���������� ���/�� �R�I��
complete medium with or without 2×104 Human T-Activator CD3/CD28 Dynabeads® 
(Thermo Fisher Scientific, Dublin, Ireland). PBMCs were subsequently co-cultured 
with MSCs as depicted in Figure 1A. MSCs were added to wells of lymphocytes at a 
concentration of 1x104 cells�������������/�����U�D�W�L�R���R�I�������������0�6�&�V�����O�\�P�S�K�R�F�\�W�H�V�������0�6�&�V���I�U�R�P��
three donors and PBMCs from three or four donors were used in this assay. 

2.5 THP-1/MSC coculture assay 

Human THP-1 cells have been used as a representative model for primary human 
monocytes/macrophages. We used THP-1 cell-differentiated macrophages to study the 
effect of MSC on macrophages as described in methods. 

1×105 �0���3���7�+�3-1 cells and 5×104 MSCs were seeded into a 24-well plate. 48 hours 
later, cells were harvested and incubated with anti-human antibodies (see 
Supplementary Material Table for additional details) diluted in FACS buffer. 
eBioscience�Œ Intracellular Fixation & Permeabilization Buffer Set (Thermo Fisher 
Scientific, Dublin, Ireland) was used for TNF-�.���D�Q�G���,�/-�������V�W�D�L�Q�L�Q�J�����0�6�&�V���I�U�R�P���W�K�U�H�H��
donors were used in this assay (Figure 2A). 

2.6 Bioinformatics analysis 

Human MSCs immunomodulatory capacity comparison-related 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 (https://www.ncbi.nlm.nih.gov/geo/geo2r/). In differential gene 
screening, p-value less than 0.05 (-logP 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 Volcano plots were 
performed by R (4.2.2). A Venn diagram was generated via JVenn [31].  

�6�H�U�L�H�V �&�H�O�O �L�Q�W�H�U�I�H�U�H 

�*�6�(������������ 
�+�X�P�D�Q�� �D�W�U�L�D�O�� �D�S�S�H�Q�G�D�J�H�� �G�H�U�L�Y�H�G��
�F�H�O�O�V�� ���K�X�P�D�Q�� �F�D�U�G�L�D�F��
�P�H�V�H�Q�F�K�\�P�D�O���V�W�U�R�P�D�O���O�L�N�H���F�H�O�O�V�� 

�D�F�W�L�Y�D�W�H�G���E�\���,�)�1���� 

�*�6�(������������ 
�+�X�P�D�Q�� �X�P�E�L�O�L�F�D�O�� �F�R�U�G�� �G�H�U�L�Y�H�G��
�0�6�&�V 

�(�D�U�O�\�� �S�D�V�V�D�J�H�� �Y�V���� �O�D�W�H��
�S�D�V�V�D�J�H�� 

�*�6�(������������ 
�+�X�P�D�Q�� �X�P�E�L�O�L�F�D�O�� �F�R�U�G�� �G�H�U�L�Y�H�G��
�0�6�&�V 

�D�F�W�L�Y�D�W�H�G���E�\���7�1�)���.�����,�)�1���� 

�*�6�(���������� 
�+�X�P�D�Q���0�6�&�V �D�F�W�L�Y�D�W�H�G���E�\���,�/�����������7�1�)���.����

�D�Q�G���,�)�1���� 

�*�6�(������������ 
�+�X�P�D�Q�� �E�R�Q�H�� �P�D�U�U�R�Z�� �G�H�U�L�Y�H�G��
�0�6�&�V 

�D�F�W�L�Y�D�W�H�G�� �E�\�� �,�)�1������ �D�Q�G��
�7�1�)���. 

�*�6�(������������ 
�+�X�P�D�Q�� �H�P�E�U�\�R�Q�L�F�� �V�W�H�P�� �F�H�O�O�V��
�G�H�U�L�Y�H�G���0�6�&�V 

�D�F�W�L�Y�D�W�H�G���E�\���,�)�1���� 

Table 1. Detail of information of selected bioinformatic series. 

2.7 Statistics 

Data are presented as mean ± SD. The majority of comparisons between groups were 
done by one-way analysis of variance (ANOVA) with Tukey's multiple comparisons 
test. Figure 6C-E were done by analysis of two-�Z�D�\�� �$�1�2�9�$�� �Z�L�W�K�� �6�L�G�D�N�¶�V�� �P�X�O�W�L�S�O�H��
comparisons test. Differences were considered significant for p < 0.05.  

Univariate Linear Regression Models were performed on R to explore the correlation 
(Figure 6F) between selected potency markers and immunomodulatory properties 

https://www.ncbi.nlm.nih.gov/geo/geo2r/
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(proliferated T-cell ratio). The regression results were displayed as slope and p-values 
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, RT-qPCR, dot-blotting and KYN quantification were illustrated 
in the supplementary material. The instruction of mesenchymal stromal cell and 
peripheral blood mononuclear cell origin in each assay was summarized in 
Supplementary material table 2. 

3. Results 

3.1 MSC characterization: IFN-�����E�X�W���Q�R�W���7�*�)-�����O�L�F�H�Q�V�L�Q�J���O�H�D�G�V���W�R���X�S�U�H�J�X�O�D�W�L�R�Q���R�I��
HLA -DR on human bone marrow derived MSCs 

Human bone marrow-derived 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 material 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 from all of the donors and also did not change after 
licensing. HLA-DR is expressed lowly in all groups of MSCs except IFN-��-licensed 
MSCs (supplementary material Figure 1C). HLA-DR upregulation is regarded as 
enhancing immunosuppressive capacity [32]. This is �D�O�V�R���F�R�Q�V�L�V�W�H�Q�W���Z�L�W�K���R�W�K�H�U�V�¶���Z�R�U�N��
[33, 34]. The differentiation capacity (adipogenic and osteogenic) of MSCs from all 
three donors was verified as shown in supplementary material Figure 2 A-B. All the 
MSCs can differentiate into adipocytes and osteocytes/osteoblasts. 
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Figure 1. The inhibitory effect of (licensed) mesenchymal stromal cell (MSC) on T cell 
proliferation. A. Schematic depicting the experimental set-up of MSC/peripheral blood 
mononuclear cell (PBMC) co-cultures. B-D. 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 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 one-way ANOVA with Tukey's multiple comparisons test. *: p<0.05; **: p<0.01; 
*** : p<0.001. 
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3.2 IFN-���� �D�Q�G�� �7�*�)-�������,�)�1-���� �O�L�F�H�Q�V�L�Q�J�� �V�W�U�H�Q�J�W�K�H�Q�V�� �W�K�H�� �H�I�I�H�F�W�� �R�I�� �0�6�&�V�� �R�Q��
inhibiting allogeneic T cell proliferation 

At first, various cytokine-licensed MSCs were cocultured with allogeneic PBMCs to 
investigate the inhibitory effect on T cell proliferation, 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 gating strategy of proliferated T cells 
(CD3+), effector CD4+ T cells (CD3+/CD4+) and effector CD8+ T cells (CD3+/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, IFN-���� �O�L�F�H�Q�V�H�G�� �0�6�&�V�� �V�K�R�Z�H�G�� �W�K�H��
strongest inhibitory effect in terms of numbers, even if the p-value is not significant 
(Figure 1B-C). Interestingly, 50 ng/mL IL-������ �O�L�F�H�Q�V�L�Q�J�� �V�L�J�Q�L�I�L�F�D�Q�W�O�\�� �Z�H�D�N�H�Q�H�G�� �W�K�H��
inhibitory effect of naïve MSCs on T cell proliferation. Meanwhile, among 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-������ �O�L�F�H�Q�V�L�Q�J�� �R�I�� �0�6�&�V�� �L�Q�F�U�H�D�V�H�V�� �D�O�O�R�J�H�Q�H�L�F�� �U�H�J�X�O�D�W�R�U�\�� �7�� �F�H�O�O�� �Q�X�P�E�H�U�V��
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 MSC-groups, 
including naïve and licensed, induced more Tregs than stimulated allogeneic control. 
TGF-����- licensed MSCs (black bars) induced more Tregs than the naïve (non-licensed) 
MSC group and other sole cytokine-treated MSC groups, which suggested TGF-������
licensing enhances the efficiency of MSCs to induce Tregs. Among dual licensing 
strategies, TGF-�������S�O�X�V���D�Q�R�W�K�H�U���F�\�W�R�N�L�Q�H���F�D�Q���L�Q�G�X�F�H���P�R�U�H���7�U�H�J�V�����L�Q�F�O�X�G�L�Q�J���,�/-�������S�O�X�V��
IFN-�����R�U���7�1�)-�.�����,�Q���W�H�U�P�V���R�I���7�U�H�J�V���L�Q�G�X�F�W�L�R�Q�����7�*�)-�������O�L�F�H�Q�V�L�Q�J���L�V���W�K�H���P�R�V�W���H�I�I�H�F�W�L�Y�H����
And TGF-�������,�)�1-��-licensing induced more Tregs than sole use of TGF-�������L�Q���W�H�U�P�V���R�I��
numbers, which demonstrates again that TGF-������ �D�Q�G�� �,�)�1-���� �P�D�\�� �K�D�Y�H�� �D�� �V�\�Q�H�U�J�L�V�W�L�F��
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 increased the ratio of CD69+ T cells, indicating that allogeneic MSC 
coculture activates T cells. However, compared with naïve MSCs, licensing with either 
TGF-���������,�/-�������D�Q�G���7�1�)-�.���U�H�G�X�F�H�G���W�K�H���&�'�������H�[�S�U�H�V�V�L�R�Q���D�V���Z�H�O�O���D�V���D���F�R�P�E�L�Q�D�W�L�R�Q���R�I��
TNF-�.���S�O�X�V���D�Q�\���R�W�K�H�U���F�\tokine and TGF-�������S�O�X�V���,�)�1-�������,�Q�W�H�U�H�V�W�L�Q�J�O�\�����,�)�1-�����O�L�F�H�Q�V�L�Q�J��
alone did not reduce the number of CD69+ cells only in combination with TGF-���������,�Q��
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summary, TNF-�.���L�V���W�K�H���P�R�V�W���H�I�I�H�F�W�L�Y�H���F�\�W�R�N�L�Q�H���E�H�F�D�X�V�H���E�R�W�K���V�L�Q�J�O�H���D�Q�G���F�R�P�E�L�Q�H�G���X�V�H��
of TNF-�.���G�H�F�U�H�D�V�H�G���W�K�H���S�H�U�F�H�Q�W�D�J�H���R�I���&�'���������7���F�H�O�O�V�����%�H�V�L�G�H�V�����7�*�)-�������L�V���D�O�V�R���S�R�Z�H�U�I�X�O��
except TGF-�������S�O�X�V���,�/-���������Z�K�L�F�K���S�R�V�V�L�E�O�\���G�H�P�R�Q�V�W�U�D�W�H�V���,�/-�������D�Q�G���7�*�)-�������O�L�F�H�Q�V�L�Q�J��
may have an antagonistic effect in CD69 reduction. Specifically, TGF-�������S�O�X�V���,�)�1-����
still have the most powerful effect in terms of numbers. This fact furtherly suggests the 
synergistic effect of TGF-�������D�Q�G���,�)�1-���� 
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Figure 2. The T cell phenotype is altered after coculturing with (licensed) mesenchymal 
stromal cell (MSC). A-B. The representative pseudocolor plots of FOXP3/CD25+ cells 
(regulatory T cells, Tregs), CD69+ T cells. C-D. 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 intensity). All groups, except the 
unstimulated control, were stimulated with Human T-Activator CD3/CD28 Dynabeads. 
Flow cytometry was used to assess the protein expression. Representative results of 
three independent experiments are shown ± SD and analyzed by one-way ANOVA with 
Tukey's multiple comparisons test. *: p<0.05; **: p<0.01; *** : p<0.001. 

In terms of the T cell phenotype study, we lastly focused on CD73 expression. It is 
regarded as an immunosuppressive protein and high CD73 expression represents strong 
immunomodulatory function [44, 45]. The gating strategy of CD73 expression and 
CD73+ T cells is shown in supplementary material Figure 3C. The results are shown in 
Figure 2E-H. Coculture with MSCs increased both CD73 expression and the number 
of CD73+ T cells. However, compared with naïve MSCs, all of the licensing strategies 
cannot keep the CD73 expression on a high level except sole TGF-�������O�L�F�H�Q�V�L�Q�J�����7�K�L�V��
fact suggests that only TGF-������ �O�L�F�H�Q�V�L�Q�J�� �F�D�Q�� �P�D�L�Q�W�D�L�Q�� �W�K�H�� �F�D�S�D�F�L�W�\�� �R�I�� �Q�D�w�Y�H�� �0�6�&��
keeping CD73 highly expressed, or TNF-�.���� �,�)�1-���� �D�Q�G�� �,�/-���� licensings may inhibit 
CD73 expression on T cells. 

3.4 Both TGF-�������D�Q�G���,�)�1-�����O�L�F�H�Q�V�L�Q�J���H�Q�K�D�Q�F�H�V���W�K�H���H�I�I�H�F�W���R�I���0�6�&�V���R�Q���U�H�G�X�F�L�Q�J���W�K�H��
TNF-�.���D�Q�G���,�/-�������H�[�S�U�H�V�V�L�R�Q���R�I���0���3���7�+�3-1 cells 

As described above, IFN-���� �O�L�F�H�Q�V�L�Q�J�� �Z�D�V�� �I�R�X�Q�G�� �W�R�� �H�Q�K�D�Q�F�H�� �W�K�H�� �L�Q�K�L�E�L�W�R�U�\�� �H�I�I�H�F�W�� �R�I��
MSCs on T cell proliferation and TGF-�������O�L�F�H�Q�V�L�Q�J���W�R���V�W�U�H�Q�J�W�K�H�Q���W�K�H���H�I�I�H�F�W���R�I���0�6�&�V��
on inducing an immunomodulatory T-cell phenotype. Therefore, these two licensing 
strategies were used to investigate their role in the modulation of innate immune cells 
in this MSC/THP-1 co-culture assay. THP-1 cells, as a human leukemia monocytic cell 
line, have been extensively used to study monocyte/macrophage functions [37, 38] 

We assessed the expression of two pro-inflammatory cytokines TNF-�.�� �D�Q�G���,�/-������ �E�\��
�0���3���7�+�3-1 cells. 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, naïve MSCs exhibited the capacity on reducing expressions of both 
TNF-�.�� �D�Q�G�� �,�/-������ �E�\�� �0���3�� �7�+�3-1 cells. However, both single TGF-������ �D�Q�G�� �,�)�1-��-
licensing strengthened the capacity. Moreover, in terms of TNF-�.�� �H�[�S�U�H�V�V�L�R�Q���� �G�X�D�O��
TGF-�������D�Q�G���,�)�1-��-licensed MSCs can reduce its expression to a great degree, which 
suggests that TGF-�������D�Q�G���,�)�1-�����D�U�H���V�\�Q�H�U�J�L�V�W�L�F���L�Q���U�H�G�X�F�L�Q�J���7�1�)-�.���H�[�S�U�H�V�V�L�R�Q�� 
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�1�H�[�W���� �Z�H�� �F�R�Q�F�H�Q�W�U�D�W�H�G�� �R�Q�� �W�K�H�� �F�U�R�V�V�W�D�O�N�� �E�H�W�Z�H�H�Q�� �0�6�&�V�� �D�Q�G�� �0���3�� �7�+�3-1 cells to 
primarily address the mechanism of the above effect. The assay was performed as 
shown in Figure 3D using fluorescently labelled (CTV) naïve or licensed MSCs. The 
ratio of the MSCs to THP-1 cells was adjusted to 1:1 because when we applied the same 
ratio as in the previous experiment, the CD11b-negative population (MSCs) were very 
�O�H�V�V���� �Z�K�L�F�K���L�V���S�R�V�V�L�E�O�\�� �G�X�H���W�R���W�K�D�W���0�6�&�V���D�U�H���S�K�D�J�R�F�\�W�R�V�H�G���E�\�� �0���3���7�+�3-1 cells. As 
shown in Figure 3E-G, CTV+/CD11b+ (Q2 in Figure 3G) represents THP-1 cells which 
have phagocytosed MSCs. And CTV+/CD11b- represents MSCs which have not 
crosstalked with THP-1 cells. We found that TGF-����-licensed MSCs preferentially got 
in touch with THP-1 cells (Figure 3E) and IFN-�����O�L�F�H�Q�V�L�Q�J���L�P�S�H�G�H�G���W�K�H���F�U�R�V�V�W�D�O�N���)�L�J�X�U�H��
3F. This may be why TGF-������ �O�L�F�H�Q�V�L�Q�J�� �V�W�U�H�Q�J�W�K�H�Q�H�G�� �W�K�H�� �F�D�S�D�F�L�W�\�� �R�I�� �U�H�G�X�F�L�Q�J�� �7�1�)-
�.���,�/-�������H�[�S�U�H�V�V�L�R�Q�����Z�K�L�O�H���W�K�L�V���F�D�Q�Q�R�W���H�[�S�O�D�L�Q���W�K�H���P�H�F�K�D�Q�L�V�P���R�I���,�)�1-�����O�L�F�H�Q�V�L�Q�J�� 
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Figure 3. Coculturing THP-1 cells with Mesenchymal stromal cell (MSC). A. Schematic 
illustrating the experimental overview of MSC/THP-1 coculturing assay. B. The 
representative histograms IL-�������D�Q�G���7�1�)-�.���E�\���7�+�3-1 cells. C. The expression of IL-
������ �D�Q�G�� �7�1�)-�. by THP-1 cells (MFI, median fluorescence intensity). D. Schematic 
illustrating the experimental overview of MSC/THP-1 coculturing assay to focus on 
their crosstalk. E. The percentage of THP-1 cells crosstalk with MSCs (Q2 in Figure 
3G). F. The percentage of MSCs which has not crosstalked with THP-1 cells (Q1 in 
Figure 3G). G. The representative pseudocolor plots of MSC/THP-1 crosstalk assay. 
Flow cytometry was used to assess the protein and crosstalk. Representative results of 
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three independent experiments are shown ± SD and analyzed by one-way ANOVA with 
Tukey's multiple comparisons test. *: p<0.05; **: p<0.01; *** : p<0.001. 

As shown in Figure 3E-G, THP-1 cells that were co-cultured with MSCs are 
represented by CTV+/CD11b+ (Q2 in Figure 3G). Conversely, CTV+/CD11b- 
represents MSCs that have not engaged in crosstalk with THP-1 cells. Our findings 
indicate that TGF-����-licensed MSCs displayed a preference for interacting with THP-
1 cells (Figure 3E), while the crosstalk was impeded by IFN-�����O�L�F�H�Q�V�L�Q�J�����D�V���G�H�S�L�F�W�H�G���L�Q��
Figure 3F. This difference may explain why TGF-�������O�L�F�H�Q�V�L�Q�J���H�Q�K�D�Q�F�H�G���W�K�H���F�D�S�D�F�L�W�\��
to reduce TNF-�.���,�/-�������H�[�S�U�H�V�V�L�R�Q����whereas the mechanism behind the effects of IFN-
�����O�L�F�H�Q�V�L�Q�J���U�H�P�D�L�Q�V���X�Q�H�[�S�O�D�L�Q�H�G�� 

3.5 Bioinformatics analysis: potential new potency markers C1s and MX2 are 
upregulated in strong immunomodulatory MSC groups  

After we found the enhanced therapeutic effect of MSCs following cytokine licensing 
with TGF-�������D�Q�G���,�)�1-�������Z�H���Z�D�Q�W�H�G���W�R���S�U�L�P�D�U�L�O�\���H�[�S�O�R�U�H���W�K�H���P�R�O�H�F�X�O�D�U���P�H�F�K�D�Q�L�V�P���R�I��
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 weak immunomodulatory MSCs or MSC-like cells. In this chapter, the six selected 
open-access datasets were analyzed [39-42]. 
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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 upregulated genes in each dataset. Complement 1 subcomponent (C1s) and 
interferon-induced GTP-binding protein Mx2 (MX2) are upregulated in all the datasets. 
D. The fold change and adjust P value of C1s and MX2 in each dataset. 

In this section, we assumed cytokine(s)-licensed as well as young-passage MSCs were 
strong immunomodulatory groups and naïve  and late-passage MSCs were weak 
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immunomodulatory groups. As 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 was the evidence-based marker, was also significantly upregulated in 
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 C1s and MX2 and were observed to be upregulated in all datasets. This indicates 
and association of C1s and MX2 with strong immunomodulatory MSCs. The p-value 
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 above-upregulated 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 
enriched 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 component). These pathways were enriched in the five cytokine(s)-licensing 
groups (GSE126461 activated by IFN-�������*�6�(���������������D�F�W�L�Y�D�W�H�G���E�\���7�1�)-�.���D�Q�G���,�)�1-������
GSE68610 activated by IL-���������7�1�)-�.���D�Q�G���,�)�1-�������*�6�(���������������D�F�W�L�Y�D�W�H�G���E�\���,�)�1-�����D�Q�G��
TNF-�.���D�Q�G���*�6�(���������������D�F�W�L�Yated by IFN-�������� 

3.6 IFN-���� ���R�U�� �F�R�P�E�L�Q�H�G�� �Z�L�W�K�� �D�Q�R�W�K�H�U�� �F�\�W�R�N�L�Q�H���� �O�L�F�H�Q�V�L�Q�J�� �X�S�U�H�J�X�O�D�W�H�G�� �3�'-L1, 
IDO1, MX2 and C1s from gene to protein 

Based on the previous results, two bioinformatics-filtered 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. 
qPCR was 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 5A-B, we focused on PD-L1. PD-L1 was upregulated 
in RNA and protein by IFN-�������,�Q�W�H�U�H�V�W�L�Q�J�O�\�����L�Q���W�H�U�P�V���R�I���5�1�$�����3�'-L1 was drastically 
upregulated by TNF-�.���,�)�1-�������Z�K�L�O�H���7�*�)-�������,�)�1-�����D�Q�G���,�/-�������,�)�1-�����R�Q�O�\���X�S�U�H�J�X�O�D�W�H�G��
PD-L1 to the same extent as sole IFN-�������+�R�Z�H�Y�H�U�����L�Q���W�H�U�P�V���R�I���S�U�R�W�H�L�Q�����7�*�)-�������,�)�1-����
licensing upregulated PD-L1 to a great extent but the other IFN-���� �F�R�P�E�L�Q�D�W�L�R�Q�V��
maintain the effect of sole IFN-�������,�/-�������D�O�V�R���X�S�U�H�J�X�O�D�W�H�G���3�'-L1 significantly while the 
effect is weaker than IFN-�������%�H�V�L�G�H�V�����R�W�K�H�U���O�L�F�H�Q�V�L�Q�J���V�W�U�D�W�H�J�L�H�V���K�D�Y�H���Q�R���H�I�I�H�F�W���R�Q���3�'-
L1 upregulation. This indicates a synergistic effect of TGF-�������,�)�1-�����O�L�F�H�Q�V�L�Q�J���R�Q���3�'-
L1 protein expression on MSCs. 
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Secondly, in terms of IDO1, as shown in Figure 5C-D, IFN-�����D�O�V�R���X�S�U�H�J�X�O�D�W�H�G���,�'�2�����L�Q��
RNA and protein. In detail, IFN-���� �S�O�X�V�� �,�/-������ �R�U�� �7�1�)-�.�� �K�D�G�� �D�� �V�W�U�R�Q�J�H�U�� �H�I�I�H�F�W�� �R�Q��
increasing IDO1 mRNA than IFN-�����S�O�X�V���7�*�)-���������6�L�P�L�O�D�U�O�\�����D�V���I�R�U���S�U�R�W�H�L�Q���O�H�Y�H�O�����7�*�)-
�������F�R�P�E�L�Q�L�Qg with IFN-�����L�Q�K�L�E�L�W�H�G���W�K�H���,�'�2�����X�S�U�H�J�X�O�D�W�L�R�Q���E�\���V�R�O�H���,�)�1-�������Z�K�L�O�H���,�/-������
or TNF-�.�� �F�R�P�E�L�Q�L�Q�J�� �P�D�L�Q�W�D�L�Q�� �W�K�H�� �X�S�U�H�J�X�O�D�W�L�R�Q���� �2�W�K�H�U�� �O�L�F�H�Q�V�L�Q�J�� �V�W�U�D�W�H�J�L�H�V�� �K�D�Y�H�� �Q�R��
effect on IDO1 upregulation. 
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Figure 5. Molecular alteration of IFN-��-licensed mesenchymal stromal cells (MSCs). 
A. PD-L1 expression in RNA and protein. B. The representative histograms of PD-L1. 
C. The representative dots of MX2, GAPDH and IDO1 via dot-blotting in each group. 
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D. IDO1 expression in RNA and protein. E. MX2 expression in RNA and protein. F. 
C1s expression in RNA and protein. The IDO1 and MX2 protein expressions are 
assessed by dot-blotting. The PD-L1 protein expression is assessed by flow cytometry. 
The C1s protein concentration is assessed by ELISA. All of gene quantification is 
assessed by qPCR. Representative results of three independent experiments are shown 
± SD and analyzed by one-way ANOVA with Tukey's multiple comparisons test. *: 
p<0.05; **: p<0.01; *** : p<0.001. 

For the bioinformatics-filtered MX2, as shown in Figure 4C and E. IFN-�����L�V���V�W�L�O�O���W�K�H��
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-�����S�O�X�V���D�Q�\���R�W�K�H�U���F�\�W�R�N�L�Q�H���K�D�Y�H���D���V�W�U�R�Q�J�H�U���H�I�I�H�F�W���R�Q���X�S�U�Hgulating MX2 in RNA than 
sole IFN-������ �:�H�� �S�H�U�I�R�U�P�H�G�� �D�Q�� �H�[�W�U�D�� �P�5�1�$�� �T�3�&�5�� �W�R�� �F�R�Q�I�L�U�P�� �W�K�H�� �X�S�U�H�J�X�O�D�W�L�R�Q��
(supplementary material Figure 4C).  

Lastly, as shown in Figure 5F, IFN-�����D�O�V�R���F�D�Q���X�S�U�H�J�X�O�D�W�H���&���V���5�1�$���D�Q�G���S�U�R�W�H�L�Q���O�H�Y�H�O�V����
As for RNA, IFN-�����S�O�X�V���,�/-�������R�U���7�1�)-�.���K�D�G���D���V�W�U�R�Q�J�H�U���H�I�I�H�F�W���R�Q���X�S�U�H�J�X�O�D�W�L�R�Q���W�K�D�Q���V�R�O�H��
IFN-������ �,�)�1-���� �S�O�X�V�� �7�*�)-������ �P�D�L�Q�W�D�L�Q�� �W�K�H�� �X�S�U�H�J�X�O�D�W�L�R�Q���� �7�1�)-�.�� �D�O�V�R�� �K�D�G�� �D�� �V�O�L�J�K�W�� �E�X�W��
significant effect on C1s RNA upregulation. As for protein, the result is approximately 
consistent with C1s qPCR. IFN-���� �S�O�X�V�� �,�/-������ �R�U�� �7�1�)-�.�� �K�D�G�� �D�� �V�W�U�R�Q�J�H�U���H�I�I�H�F�W�� �R�Q�� �&���V��
protein upregulation than sole IFN-���� 

3.7 IFN-�����O�L�F�H�Q�V�L�Q�J���L�Q�F�U�H�D�V�H�V���,�'�2��-dependent KYN concentration 

In terms of immunomodulatory potency assays, characteristics that would be beneficial 
are simplification and convenience. The above paragraph mainly leveraged qPCR and 
immune blotting to quantify the gene and protein candidates respectively. In addition 
to gene and protein, KYN, 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 cost-saving spectrometry-based methodology. This method was verified and the 
standard curve was shown in supplementary material Figure 4D. 

We first quantify the KYN in the 24-hour licensed MSC conditioned medium. As 
shown in Figure 6A, KYN concentration was increased by IFN-�������E�X�W���W�K�H���V�\�Q�H�U�J�L�V�W�L�F��
effect caused by combined licensed strategies was not obvious. Other licensing 
strategies did not have significant effects. 
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Figure 6. Kynurenine (KYN) study. A. KYN concentration in each 24-hour licensing (or 
not) group. B. Schematic depicting the experimental set-up of KYN IDO1-dependence 
assay. C-D. KYN concentration corresponding to different time points. E. Time-
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dependence of KYN concentration. F. The correlation study between selected potency 
markers and immunomodulatory properties. The slope and p-value were labelled. A 
was analyzed by one-way ANOVA with Tukey's multiple comparisons test. C-E were 

done by analysis of two-�Z�D�\�� �$�1�2�9�$�� �Z�L�W�K�� �6�L�G�D�N�¶�V�� �P�X�O�W�L�S�O�H�� �F�R�P�S�D�U�L�V�R�Q�V���W�H�V�W���� �
���� �So#

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

models. 

Meanwhile, LW106, an inhibitor of IDO1, was used to confirm the IDO1-dependence 
of KYN. In the reports, LW106 only inhibit the IDO1 function but maintains its 
invariable expression [43]. The KYN IDO1-dependence assay was performed as shown 
in Figure 6B. After 24-hour 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 a 48-hour culturing with fresh 
medium (Figure 6D), the KYN concentration in a single IFN-�����O�L�F�H�Q�V�H�G���J�U�R�X�S���Z�D�V���V�W�L�O�O��
low. But TGF-�������,�)�1-�����O�L�F�H�Q�V�H�G���0�6�&�V���U�H�V�W�R�U�H�G���P�R�U�H���V�H�F�U�H�W�H�G���.�<�1�����Z�K�L�F�K���S�R�V�V�L�E�O�\��
demonstrated that TGF-�������,�)�1-�����O�L�F�H�Q�V�L�Q�J���L�V���V�W�U�R�Q�J�H�U���W�R���,�'�2�����W�K�D�Q���D���V�L�Q�J�O�H���X�V�H���R�I���,�)�1-
�������&�R�Q�V�L�G�H�U�L�Q�J���W�K�D�W���,�'�2�����H�[�S�U�H�V�V�Lon caused by TGF-�������,�)�1-�����L�V���O�R�Z�H�U���W�K�D�Q���V�R�O�H���,�)�1-
���� �E�X�W�� �7�*�)-�������,�)�1-���� �O�L�F�H�Q�V�L�Q�J�� �U�H�V�X�O�W�H�G�� �L�Q�� �D�� �K�L�J�K�H�U�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I�� �.�<�1���� �W�K�H�� �G�X�D�O��
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 TGF-�������,�)�1-����
was significantly higher than sole use of IFN-�������Z�K�L�F�K���V�X�J�J�H�V�W�V���W�K�H���V�\�Q�H�U�J�L�V�W�L�F���H�I�I�H�F�W���R�I��
TGF-�������,�)�1-�����D�W���O�H�D�V�W���R�Q���,�'�2�����I�X�Q�F�W�L�R�Q�� 

3.8 The correlation study between selected potency markers and 
immunomodulatory properties 

This part is to investigate the correlation between markers (widely accepted PD-L1 and 
IDO1 and newly-found MX2, C1s and KYN) and immunomodulatory properties. In 
the presented study, the gene level of C1s, MX2, IDO1 and PD-L1 and the 
concentration of KYN were regarded as the property of MSCs (independent variable), 
and the proliferated T cell frequency 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 were performed to analyse the correlation. As 
displayed in Figure 6F, all of the highly-expressed markers reflected the low-
proliferated T cell frequency, which represents stronger immunomodulatory capacity, 
and lowly-expressed markers reflected the high-proliferated T cell frequency. Among 
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all the selected markers, the correlation of the widely-accepted PD-L1 and the 
proliferated T cell frequency was strong with p-values less than 0.05 in all types of T 
cells. However, the correlation between the IDO1 gene level and the proliferated T cell 
frequency was weaker with p-values more than 0.05 in CD3+ and CD3/CD4+ T cells. 
Both C1s and MX2 had a weaker correlation with CD3+ T cell frequency but strong 
with CD3/CD4+ and CD3/CD8+ proliferated T cell frequency. Most importantly, KYN 
concentration had the strongest correlation with the proliferated T cell frequency with 
a very significant statistical difference. This suggests 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, co-incubation 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 MSCs themselves. In this study, high expressions of MX2, PD-
L1, C1s, IDO1 and KYN reflected the strong immunomodulation of MSC to some 
degree. These detections do not require PBMC. More importantly, C1s and KYN are 
extracellular. Their detections would not consume MSCs, 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 Figure 6F, the KYN concentration better 
reflects the immunomodulatory capacity of MSCs than widely accepted PD-L1 and 
IDO1. This suggests that secreted KYN concentration best reflects the inhibited 
proliferation of MSCs on T cells. In the future application of MSCs, the 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 [48]. In an inflammatory model caused by 
Trypanosoma gondii, CD73 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 anti-inflammation. CD69+ T cells 
were reported for the high production of pro-inflammatory cytokines [51]. The increase 
of CD4+/CD69+ T cells triggered inflammation [52] and aggravated autoimmune 
disease [53, 54]. For the anti-inflammation side, CD69hi  Tregs were hyperreactive 
Tregs which are immunosuppressive [55]. However, the proportion of Tregs in T cells 
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is very small. Therefore we believe the total effect of CD69hi T cell is pro-inflammatory. 
In general, CD73 was selected as the immunosuppressive marker and CD73hi 
represented strong immunomodulatory capacity. CD69 was selected as the activation 
marker and CD69hi represented activated inflammatory T cell. We found that high 
expression of immunosuppressive CD73 can be kept by sole TGF-�������O�L�F�H�Q�V�L�Q�J���D�Q�G���V�R�O�H��
IFN-�����O�L�F�H�Q�V�L�Q�J���L�V���Q�R�W���F�R�Q�G�X�F�W�L�Y�H���W�R���G�H�F�U�H�D�V�H���L�Q�I�O�D�P�P�D�W�R�U�\���&�'����hi ratio. 

In single cytokine licensing, the effect of TGF-�������L�V���O�L�P�L�W�H�G���L�Q���X�S�U�H�J�X�O�D�W�L�Q�J���W�K�H���S�R�W�H�Q�F�\��
markers. Because TGF-�������G�L�G���Q�R�W���X�S�U�H�J�X�O�D�W�H���V�H�O�H�F�W�H�G���P�D�U�N�H�U�V���D�Q�G���G�U�D�V�W�L�F�D�O�O�\���L�Q�K�L�E�L�W�H�G��
T cell proliferation. IFN-���� �L�V�� �W�K�H�� �P�R�V�W�� �H�I�I�H�F�W�L�Y�H�� �F�\�W�R�N�L�Q�H�� �W�R�� �H�Q�K�D�Q�F�H�� �0�6�&��
immunomodulation because IFN-�����O�L�F�H�Q�V�L�Q�J���V�W�U�H�Q�J�W�K�H�Q�V���W�K�H���L�Q�K�L�E�L�W�R�U�\���H�I�I�H�F�W���R�I���0�6�&��
on T cell proliferation. Interestingly, TGF-�������,�)�1-�����F�R�P�E�L�Q�H�G���O�L�F�H�Q�V�L�Q�J���F�R�X�O�G���E�H���P�R�U�H��
immunomodulatory. This combined licensing synergistically induced higher 
expression of MX2, PD-L1, C1s and KYN than a single use of IFN-�������0�R�U�H��importantly, 
this combing licensed-MSCs were the most effective way both to induce 
immunosuppressive Tregs and inhibit T cell proliferation even if the p-value is not very 
significant. 

For C1s, MX2 and KYN, C1s was verified upregulation in the IFN-�����U�H�V�S�R�Q�V�H���R�I���F�O�H�D�U-
cell renal-cell carcinoma model [56]. Besides, C1s is a component of the complement 
system. The complement system is involved in phagocytosis [57], including the 
phagocytosis of MSC [58]. But C1s was reported to have a limited impact on the 
clearance of early apoptotic cell and post-phagocytosis immunosuppressive property. 
It only affects the phagocytosis of late apoptotic cells [59]. In terms of KYN, its 
immunosuppressive property is widely recognized. Recent studies revealed that 
tryptophan 2,3-dioxygenase 2-induced 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-�������O�L�F�H�Q�V�L�Q�J�����W�K�H���S�U�H�V�H�Q�W�H�G���V�W�X�G�\���I�D�L�O�H�G���W�R���I�L�Q�G���D�Q��
independent one. Future studies should focus on identifying a potency marker for TGF-
�����O�L�F�H�Q�V�L�Q�J���R�I���0�6�&�V�����7�K�L�V���F�R�X�O�G���E�H���L�Q�I�R�U�P�H�G���E�\���D�S�S�U�R�S�U�L�D�W�H���5�1�$���V�H�T�X�H�Q�F�L�Q�J���G�D�W�D�V�H�W�V��
and immunological assay signalling molecules. The present study is the first to find 
TGF-�������O�L�F�H�Q�V�L�Q�J���L�Q�F�U�H�D�V�H�V���W�K�H���F�U�R�V�V�W�D�O�N���E�H�W�Z�H�H�Q���0�6�&�V���D�Q�G���P�D�F�U�R�S�K�D�J�H�V�����,�Q���W�K�H���D�E�R�Y�H��
results, IFN-�����K�D�V���D�Q���R�E�Y�L�R�X�V�O�\���G�L�I�I�H�U�H�Q�W���S�D�W�K�Z�D�\���W�R���D�F�W�L�Y�D�W�H���W�K�H���0�6�&�V���Z�K�H�Q���F�R�P�S�D�U�H�G��
to TGF-�������� �,�Q�� �W�K�H�� �F�D�V�H�� �W�K�D�W�� �7�*�)-������ �G�R�� �Q�R�W�� �X�S�U�H�J�X�O�D�W�H�� �R�X�U�� �I�L�Y�H�� �V�H�O�H�F�W�H�G�� �S�R�W�H�Q�F�\��
candidate markers, it is reasonable to speculate that TGF-������ �I�D�F�L�O�L�W�D�W�H�� �W�K�H�� �0�6�&��
crosstalk with macrophages. And this licensing pathway is compatible with the 
licensing caused by IFN-������ �7�K�H�U�H�I�R�U�H���� �L�Q�� �P�D�Q�\�� �D�V�S�H�F�W�V���� �7�*�)-������ �D�Q�G�� �,�)�1-���� �K�D�Y�H�� �D��
synergistic effect. 
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5. Conclusion 

Human bone marrow-derived MSCs can be licensed by TGF-������ �D�Q�G�� �,�)�1-������ �7�*�)-������
licensing enhanced the effect of MSCs on inducing the T cells to an immunosuppressive 
phenotype with CD25hi/FOXP3hi, CD69low and CD73hi, while IFN-���� �O�L�F�H�Q�V�L�Q�J��
strengthened the inhibitory effect on T cell proliferation. Both licensing strategies help 
MSC to inhibit M1 macrophages expressing TNF-�.�� �D�Q�G�� �,�/-�������� �$�V���I�R�U���W�K�H���P�R�O�H�F�X�O�D�U��
mechanism of cytokine licensing, TGF-�������D�Q�G���,�)�1-�����W�D�U�J�H�W���G�L�I�I�Hrent pathways leading 
to differential expression of potential potency markers. IFN-�����F�D�Q���X�S�U�H�J�X�O�D�W�H���3�'-L1, 
MX2, C1s 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-
�������O�L�F�H�Q�V�L�Q�J���P�L�J�K�W���Z�R�U�N���E�\���L�Q�F�U�Hasing the cellular crosstalk. Lastly, these two cytokines 
have a synergistic effect in some immunomodulatory mechanisms. 
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7. Supplementary material  

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

�0�6�&���F�K�D�U�D�F�W�H�U�L�]�D�W�L�R�Q���P�D�U�N�H�U�����S�R�V�L�W�L�Y�H�� 
Antigen Fluorochrome Corporation 

CD90 Brilliant Violet 421 Biolegend 

CD73 FITC Biolegend 

CD44 PE/Cyanine7 Biolegend 

Sytox AADVANCED  Thermo fisher 

�0�R�X�V�H���,�J�*�����������L�V�R�W�\�S�H���&�W�U�O Brilliant Violet 421 Biolegend 
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Mouse IgG1, k isotype Ctrl FITC Biolegend 

mouse IgG1, k isotype Ctrl PE/Cyanine7 Biolegend 

 
�0�6�&���F�K�D�U�D�F�W�H�U�L�]�D�W�L�R�Q���P�D�U�N�H�U�����Q�H�J�D�W�L�Y�H�� 
Antigen Fluorochrome Corporation 

HLA-DR Pacific Blue�Œ Biolegend 

CD11b FITC Biolegend 

CD45 APC Biolegend 

Sytox AADVANCED  Thermo fisher 

Mouse IgG2b, k isotype Ctrl Pacific Blue�Œ Biolegend 

Rat IgG2b, k Isotype Ctrl FITC Biolegend 

�0�R�X�V�H���,�J�*�����������,�V�R�W�\�S�H���&�W�U�O APC Biolegend 

 
�3�'���/�����G�H�W�H�F�W�L�R�Q 
Antigen Fluorochrome Corporation 

PD-L1 PerCP/Cyanine5.5 Biolegend 

 
�7���F�H�O�O���S�U�R�O�L�I�H�U�D�W�L�R�Q���D�V�V�D�\ 
Antigen Fluorochrome Corporation 

CD3 APC Biolegend 

CD4 PE Biolegend 

CD8 Brilliant Violet 785 Biolegend 

Celltrace Violet  Thermo fisher 

Sytox AADVANCED  Thermo fisher 

 
�7�U�H�J���L�Q�G�X�F�W�L�R�Q���D�V�V�D�\ 
Antigen Fluorochrome Corporation 

CD3 APC Biolegend 

CD4 PE Biolegend 

CD25 Brilliant Violet 785 Biolegend 

FOXP3 Brilliant Violet 421 Biolegend 

Zombie red  Biolegend 

 
�7���F�H�O�O���S�K�H�Q�R�W�\�S�H���D�V�V�D�\ 
Antigen Fluorochrome Corporation 

CD3 APC Biolegend 

CD73 FITC Biolegend 

CD69 Brilliant Violet 421 Biolegend 

Sytox AADVANCED  Thermo fisher 
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�U�R���L�Q�I�O�D�P�P�D�W�R�U�\���F�\�W�R�N�L�Q�H�V���G�H�W�H�F�W�L�R�Q 
Antigen Fluorochrome Corporation 

Fixable viability violet dye  Thermo fisher 

TNF-�. APC Biolegend 

IL-���� AF647 Biolegend 

CD11b FITC Biolegend 

�1�R�W�H�����7�1�)���.���D�Q�G���,�/���������Z�H�U�H���Q�R�W���V�W�D�L�Q�H�G���D�W���W�K�H���V�D�P�H���W�L�P�H�� 

7.2 Supplementary Material (Methods) 

7.2.1 Characterization of MSCs 

MSCs were characterized for the expression or absence of specific cell surface 
markers (CD73, CD44, CD45, CD90, CD11b and HLA-DR) by flow cytometry and 
for their differentiation capacity. At first, MSCs were harvested and incubated with 
anti-human antibodies (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 software version 10 (Tree Star Inc.) Differentiation of 
MSC was performed according to previous methods (Treacy, O., et al., 
Subconjunctival administration of low-dose murine allogeneic mesenchymal stromal 
cells promotes corneal allograft survival in mice. Stem Cell Research & Therapy, 
2021. 12(1). https://doi.org/10.1186/s13287-021-02293-x). MSCs from three donors 
(donor 1, 2 and 3) were characterized respectively. 

7.2.2 RT-qPCR 

Total RNA was isolated using the ISOLATE II RNA Mini Kit (MERIDIAN 
BIOSCIENCE). RevertAid H minus First 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 template. cDNA sample was stored at -20 °C 
for further use. Maxima Probe/ROX qPCR Master Mix (2×) was used in qPCR. 
TaqMan�Œ Gene Expression Assay (FAM) Hs00427620_m1 (TBP for reference 
gene), Hs00156159_m1 (C1S), Hs01550809_m1 (MX2), Hs00984148_m1 (IDO1), 
Hs00204257_m1 (PD-L1) and Hs02758991_g1 (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 a 6-well 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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�S�U�R�W�H�L�Q�����7�K�H�Q�����������������J���G�R�W���R�I���H�D�F�K���V�D�P�S�O�H���Z�D�V���O�R�D�G�H�G���R�Q�W�R���W�K�H���Q�L�W�U�R�F�H�O�O�X�O�R�V�H��
membrane. After the dot was dry, the membrane was blocked into 5% BSA TBS-T 
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 anti-Rabbit 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 density-gradient centrifugation from whole blood samples 
after written informed consent was obtained from four healthy volunteers (University 
of Galway Research Ethics Committee) (Clinical 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 layering 3 mL of anti-coagulated blood over 3 mL 
endotoxin-free Ficoll-Premium (Sigma-Aldrich, Wicklow, Ireland) density-gradient 
solution in a 15 mL tube. Samples were then centrifuged at 400 g for 22 mins at 18°C. 
�8�V�L�Q�J���D���S�O�D�V�W�L�F���3�D�V�W�H�X�U���S�L�S�H�W�W�H�����W�K�H���Y�L�V�L�E�O�H���³�E�X�I�I�\���F�R�D�W�´���O�D�\�H�U���R�I���P�R�Q�R�Q�X�F�O�H�D�U���F�H�O�O�V��
was removed. PBMCs were transferred into fresh 15mL tubes, washed twice with 
10mL DPBS (ThermoFisher Scientific) and centrifuged at 400 g for 5 min at 25 °C. 
The total number of live cells was determined by Trypan Blue exclusion.  

PBMCs were cultured in RPMI-1640 medium (BioSciences, Dublin, Ireland) with 1% 
penicillin/streptomycin (Sigma-Aldrich, Wicklow, Ireland), 10% fetal bovine serum 
(FBS) (Sigma-Aldrich, Wicklow, Ireland). 

7.2.5 Kynurenine quantification  

�����������/���0�6�&������-�K�R�X�U���F�R�Q�G�L�W�L�R�Q�H�G���F�X�O�W�X�U�H���P�H�G�L�X�P���Z�D�V���P�L�[�H�G���Z�L�W�K�������������O���R�I����������
trichloroacetic acid (Sigma-Aldrich, Wicklow, Ireland) and incubated at 50°C for 30 
�P�L�Q�����$�I�W�H�U���F�H�Q�W�U�L�I�X�J�D�W�L�R�Q�������������������î���J���I�R�U�������P�L�Q�����������������O���V�X�S�H�U�Q�D�W�D�Q�W���Z�D�V���P�L�[�H�G���Z�L�W�K��
an equal volu�P�H���R�I���(�K�U�O�L�F�K�¶�V���U�H�D�J�H�Q�W�����Z�K�L�F�K���L�V�����������P�J���S-dimethylbenzaldehyde 
(Sigma-Aldrich, Wicklow, Ireland) in 5 ml glacial acetic acid (Sigma-Aldrich, 
Wicklow, Ireland) in a 96-well plate (Ling, W., et al., Mesenchymal stem cells use 
IDO to regulate immunity in tumor microenvironment. Cancer Res, 2014. 74(5): p. 
1576-87. https://doi.org/10.1158/0008-5472.CAN-13-1656; 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/iid3.236). Samples were read against a reagent blank with 
a 490-nm filter in a microplate spectrophotometer (VICTOR X3 Multilabel Plate 

https://doi.org/10.1158/0008-5472.CAN-13-1656
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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 (Sigma-Aldrich, 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 every 24-hour timepoint 
during or after licensing, the concentration of KYN was detected. 

IDO1 dependence on KYN concentration was also investigated. In the presence and 
�D�E�V�H�Q�F�H���R�I�����������0���/�:�����������6�L�J�P�D-Aldrich, Wicklow, Ireland), an inhibitor of IDO1, 
the concentration of KYN was quantified at the end of licensing-over and 48 hours 
after licensing. 

7.3 Supplementary material Table 2. Instruction of mesenchymal stromal cell 
and peripheral blood mononuclear cell origin in each assay. 

Mesenchymal stromal cell (MSC): donor A-C 
Peripheral blood mononuclear cell (PBMC): donor 1-3 
Content Location Group Incubation 

PBMC- 
MSC 
coculturing 

Figure 1-2 

Unstimulated and 
stimulated control 
groups 

Donor 1-3 

Cytokines-treated 
groups 

Donor A+ Donor 1; 
Donor B+ Donor 2; 
Donor C + Donor 3; 

Macrophage-
MSC 
coculturing 

Figure 3 All groups 

Donor A + macrophage cell 
line; 
Donor B+ macrophage cell 
line; 
Donor C + macrophage cell 
line; 

MSCs Figrue 5-6 All groups 

Each assay consists of three 
independent donors of MSC. 
For example, in Figure 5A, 
MSCs from donor A were 
independently treated with 
TGF-�������W�R���L�Q�Y�H�V�W�L�J�D�W�H���W�K�H��
gene alteration, as well as 
donor B and C. 
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7.4 Supplementary material Figure 

 

Supplementary Material Figure 1. Characterization of the mesenchymal stromal cell 
(MSC). A. The representative CD11b, HLA-DR and CD45 histograms of MSCs. B. 
The representative CD90, CD73 and CD44 histograms of MSCs. C. The expression of 
HLA-DR (MFI, median fluorescence intensity). Representative results of three 
independent experiments are shown ± SD and analyzed by one-way ANOVA with 
Tukey's multiple comparisons test. *: p�Ø0.05; **: p�Ø0.01; ***: p �Ø0.001. 
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Supplementary Material Figure 2. A. Adipogenesis of MSCs (Oil Red O staining). B. 
Osteogenesis of MSCs (Alizarin red S staining)�����6�F�D�O�H���E�D�U���������������P 
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Supplementary Material Figure 3. A. Gating strategy of proliferated 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-�.���D�Q�G���,�/-�������R�I���7�+�3-1 cells . B. Gating strategy of THP-1 cells/mesenchymal 
stromal cells (MSCs) coculturing assay focusing on the crosstalk. C. MX2 mRNA 
expression. The MX2 expressive was quantified by qPCR. Representative results of 
three independent experiments are shown ± SD and analyzed by one-way ANOVA 
with Tukey's multiple comparisons test. *: p�Ø0.05; **: p�Ø0.01; ***: p �Ø0.001. D. 
Standard curve of kynurenine. 
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Supplementary Material Figure 5. Gene Ontology (GO) analysis of six selected 
datasets, which are GSE117901, GSE122091, GSE126461, GSE142816 and 
GSE68610. 
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CHAPTER 2 

Immunomodulatory function of licensed human bone 

marrow mesenchymal stromal cell-derived apoptotic bodies1 

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 anti-inflammatory treatments. Clinical trials have been 
performed for the treatment of Type 1 diabetes, graft-versus-host disease and organ 
transplantation, which offer 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 MSC-derived secretome, which includes 
secreted proteins, exosomes, apoptotic bodies (ApoBDs) and other macromolecules, 
may have similar therapeutic effects to parent MSCs. Among all of the components of 
the MSC-derived secretome, most interest thus far has been garnered by exosomes for 
their therapeutic potential. However, since MSCs were reported to undergo apoptosis 
after in vivo transplantation and release ApoBDs, we speculated as to whether ApoBDs 
have immunomodulatory effects.  

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

Results: IFN-�����D�Q�G���,�)�1-�����7�*�)-�������O�L�F�H�Q�V�L�Q�J���H�Q�K�D�Q�F�H�G���W�K�H���L�P�P�X�Q�R�P�R�G�X�O�D�W�R�U�\���H�I�I�H�F�W���R�I��
MSCs on T cell proliferation. Further, TGF-������ �D�Q�G���,�)�1-���� �O�L�F�H�Q�V�L�Q�J���V�W�U�H�Q�J�W�K�H�Q�H�G���W�K�H��
immunomodulatory effect of MSC on reducing the TNF-�.��and IL-�������H�[�S�U�H�V�V�L�R�Q���E�\���0����
macrophage-like THP-1 cells. Additionally, we discovered the immunomodulatory 
effect mediated by MSC-derived apoptotic bodies. Licensing impacted the uptake of 
ApoBDs by recipient immune cells and importantly altered their phenotypes.  

 
1 This work was published. Jiemin 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 stromal cell-derived 

apoptotic bodies. International immunopharmacology, 2023; 111096-111096. 

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 reduced pro-inflammatory T cells.  

1. Intro duction 

Mesenchymal stromal cells (MSCs) have been reported as very promising 
immunomodulatory [1, 2] and anti-inflammatory [3-5] therapies, in conditions such as 
rheumatoid arthritis, type 1 diabetes and uveitis. Amongst other immunoregulatory 
activities, MSCs can inhibit T cell proliferation [6] and also expand regulatory T cells 
(Tregs) [7]. However, the limited efficacy [8] and immunogenicity problems [9-12] 
following MSC administration are still critical hurdles that currently impede the wider 
therapeutic application 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 bodies (ApoBDs) [13]. It has been established that the MSC-secretome 
is immunomodulatory [14-17]. Conditioned medium derived from human amniotic 
membrane MSCs was reported to suppress allogeneic T cell proliferation, induce T 
lymphocytes with a regulatory phenotype, and reduce pro-inflammatory cytokine 
secretion [15]. The MSC secretome was also 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 antibody-secreting cell formation [16]. Furthermore, through 
intraperitoneal injection, conditioned medium 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 similar therapeutic effect to their parental cells [18-20]. EVs are 
small lipid-bilayer delimited vesicles released by almost all cells and have gained 
interest in the past years for their cell-to-cell communication properties. Based on their 
biogenesis, EVs can be categorized into exosomes, ectosomes/ microvesicles or 
apoptotic bodies (ApoBDs). Exosomes are released from live cells when multi-
vesicular bodies fuse with the membrane [21-23]. In contrast, ApoBDs or apoptosomes 
are produced by apoptotic cells which includes condensation of the nuclear chromatin, 
membrane blebbing, and disintegration of the cellular content into distinct membrane-
enclosed vesicles. ApoBDs were verified to have the same therapeutic effects as their 
parental non-apoptotic cells [24-27] on the basis of similar proteomic [27] and 
transcriptional [26] signatures. More importantly, it has been reported that MSCs 
undergo apoptosis in vivo after transplantation [28] which was required for their 
therapeutic function [29]. Therefore, it is interesting to speculate whether ApoBD 
generated in vivo can replace live MSC delivery. ApoBD therapy (cell-free therapy) is 
of low immunogenicity [30-32] in theory and is more convenient for storage and 
transportation compared with live cells. Thus far, MSC-derived 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) MSC-derived ApoBDs. 

Pre-activation 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���S�U�R-inflammatory cytokine, can induce MSCs to be more immunomodulatory 
[35] through upregulation of Programmed death-Ligand 1 (PD-L1, CD274) [37, 38] 
and indoleamine 2,3-dioxygenase 1 (IDO1) [39, 40]. Meanwhile, other pro-
inflammatory cytokines such as IL-�������>�������������@���D�Q�G���7�1�)-�.���>�������������@���Z�H�U�H���D�O�V�R���V�W�X�G�L�H�G��
to enhance the potency of MSCs. Interestingly, our previous study demonstrated that 
licensing with TGF-�������� �D�Q�� �D�Q�W�L-inflammatory 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 macrophages [46-48]. 
MSCs can promote an anti-inflammatory and highly phagocytic macrophage phenotype 
through EV-mediated mitochondrial transfer [47]. Moreover, MSC-derived EVs alone 
can depolarize lipopolysaccharide (LPS)-induced pro-inflammatory macrophages [49].  

Herein, we licensed MSCs using TGF-���������,�/-���������7�1�)-�.���D�Q�G���,�)�1-�������:�H���I�R�X�Q�G���W�K�D�W���E�R�W�K��
IFN-���� �D�Q�G�� �G�X�D�O�� �,�)�1-�����7�*�)-������ �O�L�F�H�Q�V�L�Q�J�� �H�Q�K�D�Q�F�H�G�� �W�K�H�� �L�P�P�X�Q�R�P�R�G�X�O�D�W�R�U�\�� �H�I�I�H�F�W�� �R�I��
MSCs on T cell proliferation. These licensing strategies also strengthened the effect of 
MSCs on reducing the expression of TNF-�.���D�Q�G���,�/-�������E�\���0�����P�D�F�U�R�S�K�D�J�H-�O�L�N�H�����0���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 procedure (ref. 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 added, and individual colonies of fibroblast-like cells were allowed 
to expand and approach confluence prior to passage. 
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�+�X�P�D�Q�� �0�6�&�V�� �Z�H�U�H�� �F�X�O�W�X�U�H�G�� �L�Q�� �.-MEM (BioSciences, Dublin, Ireland) with 1% 
penicillin/streptomycin (Sigma-Aldrich, Wicklow, Ireland), 10% fetal bovine serum 
(FBS) (Sigma-Aldrich, Wicklow, Ireland), and 1 ng/mL FGF-2 (Sigma-Aldrich, 
Wicklow, Ireland).  

MSCs were characterized for the expression or absence of specific cell surface markers 
(CD73, CD44, CD45, CD90, CD11b and HLA-DR) by flow cytometry and for their 
differentiation capacity. At first, MSCs were harvested and incubated with anti-human 
antibodies (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 (Tree Star 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 cells (PBMC) isolation and culture 

PBMCs were isolated by density-gradient centrifugation from whole blood samples 
after written informed consent was obtained from four healthy volunteers (University 
of Galway Research Ethics Committee) (Clinical 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 layering 3 mL of anti-coagulated blood over 3 mL endotoxin-free 
Ficoll-Premium (Sigma-Aldrich, Wicklow, Ireland) density-gradient solution in a 15 
mL tube. Samples were then centrifuged at 400 g for 22 mins at 18°C. Using a plastic 
Pasteur pipette, the visib�O�H�� �³�E�X�I�I�\�� �F�R�D�W�´�� �O�D�\�H�U�� �R�I�� �P�R�Q�R�Q�X�F�O�H�D�U�� �F�H�O�O�V�� �Z�D�V�� �U�H�P�R�Y�H�G����
PBMCs were transferred into fresh 15mL tubes, washed twice with 10mL DPBS 
(ThermoFisher Scientific) and centrifuged at 400 g for 5 min at 25 °C. The total number 
of live cells was determined by Trypan Blue exclusion.  

PBMCs were cultured in RPMI-1640 medium (BioSciences, Dublin, Ireland) with 1% 
penicillin/streptomycin (Sigma-Aldrich, Wicklow, Ireland), 10% fetal bovine serum 
(FBS) (Sigma-Aldrich, Wicklow, Ireland). 

2.3 Cytokine licensing 

After the plastic adherence of MSCs (density: 3.7~4.2 ×106 cells/ T175 flask ), the 
medium was removed and replaced with basal medium containing single recombinant 
human cytokines such as 50 ng/mL TGF-���������������Q�J���P�/�����,�/-���������������Q�J���P�/���7�1�)-�.���D�Q�G��
50 ng/mL IFN-�����R�U���D���F�R�P�E�L�Q�D�W�L�R�Q���R�I���D�Q�\���W�Z�R���R�I���W�K�H���D�I�R�U�H�P�H�Q�W�L�R�Q�H�G���F�\�W�R�N�L�Q�Hs (all from 
�3�H�S�U�R�W�H�F�K���� �I�R�U�� �D�� �S�H�U�L�R�G�� �R�I�� ������ �K�R�X�U�V���� �&�H�O�O�V�� �Z�H�U�H�� �W�K�H�Q�� �Z�D�V�K�H�G�� �W�Z�L�F�H�� �Z�L�W�K�� �'�X�O�E�H�F�F�R�¶�V��
phosphate-buffered saline (DPBS) (Thermo Fisher Scientific) and used in subsequent 
assays. MSC of passages one to five were used in this study. Non-licensed MSC was 
called naïve MSC in the later chapters. 
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2.4 Macrophage-like THP-1 cell culture 

THP-1 cells and human peripheral blood cells were cultured in RPMI-1640 (Sigma-
Aldrich, Wicklow, Ireland) with 10% heat-inactivated FBS (Thermo Fisher Scientific, 
Dublin, Ireland), 1% L-Glutamine (Sigma-Aldrich, Wicklow, Ireland), and 1% 
penicillin/streptomycin (Sigma-Aldrich, Wicklow, Ireland).  

THP-1 cells were incubated with 100 ng/mL PMA (Sigma-Aldrich, Wicklow, Ireland) 
for 24 hours to differentiate macrophage-like THP-1 cells. After 24 hours, the 
differentiated macrophage-like THP-1 cells were attached to the flask. After washing 
off the suspended undifferentiated cells, macrophage-like THP-1 cells were incubated 
with LPS (100 ng/mL) (Sigma-Aldrich, Wicklow, Ireland) and IFN-���� �������� �Q�J���P�/����
(Peprotech, London, UK)) for another 24 hours to induce M1 macrophage-�O�L�N�H�����0���3����
THP-1 cells. 

2.5 ApoBD preparation and characterization 

ApoBD isolation was optimized from previous studies [33, 34, 51]. Firstly, MSCs were 
treated with staurosporine (Sigma-�$�O�G�U�L�F�K���� �:�L�F�N�O�R�Z���� �,�U�H�O�D�Q�G���� �D�W�� �������×���0�� �I�R�U�� �����×�K�� �W�R��
�L�Q�G�X�F�H���D�S�R�S�W�R�V�L�V�����7�K�H���V�X�S�H�U�Q�D�W�D�Q�W���Z�D�V���F�R�O�O�H�F�W�H�G���D�Q�G���F�H�Q�W�U�L�I�X�J�H�G���D�W�������������J���I�R�U�������×�P�L�Q��
�D�W�� ���×�ƒ�&��to remove cells and debris. Then, the supernatant was further centrifuged at 
������������ �J�� �I�R�U�� �����×�P�L�Q�� �D�W�� ���×�ƒ�&���� �D�Q�G�� �W�K�H�� �S�H�O�O�H�W�� �Z�D�V�� �Z�D�V�K�H�G�� �W�Z�L�F�H�� �L�Q�� �S�K�R�V�S�K�D�W�H-buffered 
saline (PBS). The washing fluid was also collected. The isolated ApoBDs were 
�V�X�V�S�H�Q�G�H�G���L�Q���������×���/���3�%�6���D�Q�G���V�W�R�U�H�G���D�W���í�×�����×�ƒ�&���D�Q�G���X�V�H�G���X�S���Z�L�W�K�L�Q���W�K�U�H�H���G�D�\�V���� 

For ApoBD characterization, we chose to analyze PD-L1 because PD-L1 was found to 
be highly expressed in IFN-��-licensed MSCs [37, 52] and PD-L1 is known for its 
immunosuppressive effect [53, 54]. ApoBDs 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/Cyanine5.5 anti-human PD-L1 (Biolegend, 
California, USA) for 30 min. After staining, the sample was centrifuged at 16000 g for 
�����×�P�L�Q���D�W�����×�ƒ�&���W�R���S�H�O�O�H�W���W�Ke stained ApoBDs. Then, stained ApoBDs were resuspended 
in fresh FACS buffer for analysis using the Northern LightsTM 3000 flow cytometer 
(Cytek). The total protein content of ApoBDs was quantified by using the Bicinchoninic 
acid assay (Thermo Fisher Scientific, Dublin, Ireland) after lysed by RIPA lysis buffer 
(Pierce�Œ, Thermo Fisher Scientific, Dublin, Ireland). The size of ApoBDs was 
�D�V�V�H�V�V�H�G���W�K�U�R�X�J�K���W�K�H���=�H�W�D�V�L�]�H�U���1�D�Q�R���=�6�����������������/ of samples were fixed in 2% PFA 
and incubated on 200 mesh gold formvar carbon-coated 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 50,000× for wide-field view, 100,000× 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 CellTrace�Œ Violet proliferation kit (Thermo Fisher 
�6�F�L�H�Q�W�L�I�L�F�����'�X�E�O�L�Q�����,�U�H�O�D�Q�G�����D�F�F�R�U�G�L�Q�J���W�R���W�K�H���P�D�Q�X�I�D�F�W�X�U�H�U�¶�V���S�U�R�W�R�F�R�O���D�Q�G���V�H�H�G�H�G���L�Q��������
well-round bottom plates (Sarstedt) at a concentration of 1×105 �F�H�O�O�V���������� ���/�� �R�I��
complete medium with or without 2×104 Human T-Activator CD3/CD28 Dynabeads® 
(Thermo Fisher Scientific, Dublin, Ireland). In the T cell proliferation assay, 1×104 
beads were used. PBMCs were subsequently co-cultured with MSCs as depicted in 
Figure 1A. MSCs were added to wells of lymphocytes at a concentration of 1×104 
�F�H�O�O�V������������L (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 of ApoBDs �R�Q�� �7�� �F�H�O�O�� �S�U�R�O�L�I�H�U�D�W�L�R�Q���� �������������� ������������ ���������� ���� �R�U�� ���� ���J��
ApoBDs were incubated with PBMCs. For the rest of the assessment of ApoBDs on 
PBMCs, 500 ng ApoBDs were incubated with PBMC. ApoBDs �I�U�R�P���G�R�Q�R�U�����¶�V���0�6�&��
and PBMC from three or four donors were used. 

After 96 hours, cells were harvested and incubated with anti-human antibodies (see 
Table S1 for additional details) diluted in FACS buffer. eBioscience�Œ Intracellular 
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 version 10 (Tree Star 
Inc.) 

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

Human THP-1 cells have been shown to serve well as a model for primary human 
monocytes/macrophages [55]. We used THP-1 cell-differentiated macrophages to 
study the effect of MSCs/MSC-derived ApoBDs on macrophages. 

2.5×105 �0���3���7�+�3-1 cells and 5 ×104 �0�6�&�V�����R�U�����������������������������������������R�U���������J��ApoBDs) were 
seeded into a 24-well plate. 48 hours later, cells were harvested and incubated with anti-
human antibodies (see Table S1 for additional details) diluted in FACS buffer. 
eBioscience�Œ Intracellular Fixation & Permeabilization Buffer Set (Thermo Fisher 
Scientific, Dublin, Ireland) was used for TNF-�.���D�Q�G���,�/-�������V�W�D�L�Q�L�Q�J�����0�6�&�V���D�Q�G��ApoBDs 
from three donors were used in this assay (Figure 1E). In addition, 2.5 ×105 
macrophage-like THP-�����F�H�O�O�V���Z�H�U�H���L�Q�F�X�E�D�W�H�G���Z�L�W�K���������J��ApoBDs to test the safety. 48 
hours later, the cells were harvested and stained by Annexin-V and sytox 
AADVANCED. 

2.8 ApoBD uptake assay 

ApoBDs were suspended in FACS buffer and incubated with CellTrace�Œ CFSE 
(Thermo Fisher Scientific, Dublin, Ireland) for 30 min. After staining, the sample was 
�F�H�Q�W�U�L�I�X�J�H�G���D�W���������������J���I�R�U�������×�P�L�Q���D�W�����×�ƒ�&���W�R���S�H�O�O�H�W���W�K�H���V�W�D�L�Q�H�G��ApoBD. Stained ApoBDs 
were resuspended in fresh MSC basal medium or PBMC medium for 5 min at 37°C. 
�7�K�H�Q���� �W�K�H���V�D�P�S�O�H���Z�D�V���F�H�Q�W�U�L�I�X�J�H�G���D�W�������������� �J���I�R�U�������×�P�L�Q���D�W�����×�ƒ�&���W�R���S�H�O�O�H�W���W�K�H���V�W�D�L�Q�H�G��



CHAPTER 2: Immunomodulatory function of apoptotic bodies 

81 
 

ApoBDs and the unbound dye was removed. Finally, the CFSE-stained ApoBDs were 
suspended in fresh THP-1 or PBMC medium. 

For PBMC up-take assessment of ApoBDs, 1×105 PBMCs were seeded in the 96-well 
round bottom plate. 50 ng or 500 ng ApoBDs 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 (Cytek). ApoBDs from three donors and 
PBMC from three or four donors were used in this assay. 

�)�R�U���D�V�V�H�V�V�P�H�Q�W���R�I���0���3���7�+�3-1-cell phagocytosis of ApoBDs, 1×105 macrophage-like 
THP-1 cells were seeded in a 96-well round bottom plate. After they were differentiated 
into an M1 phenotype, 400 ng ApoBDs �V�W�D�L�Q�H�G���Z�L�W�K���&�)�6�(���Z�H�U�H���L�Q�F�X�E�D�W�H�G���Z�L�W�K���0���3��
THP-1 cells for 8 hours. For the blocked uptake assay, M1 cells were incubated with 
�����0���Z�R�U�W�P�D�Q�Q�L�Q�����6�L�J�P�D-Aldrich, Wicklow, Ireland) 30 minutes (based our previous 
pilot study) prior to the incubation with CFSE-stained ApoBDs. In this assay, the 
incubation time with ApoBDs 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 the ApoBD incubation, cells were 
fixed with 4% paraformaldehyde (PFA) (Thermo Fisher Scientific, Dublin, Ireland) for 
15 mins and permeabilized with 0.1% Triton X-100 (Sigma-Aldrich, Wicklow, Ireland) 
for 15 mins. Then the permeabilized cells were stained with DAPI (Biolegend, 
California, USA) and Flash Phalloidin�Œ Red 594 (Biolegend, California, USA). The 
pictures were captured through the Olympus CKX53 microscope and analyzed with 
cellSens imaging software. ApoBDs from three donors were used in this assay. 

2.9 Statistics 

Data are presented as mean ± SD. Most comparisons between groups were done by 
one-way analysis of variance (ANOVA) with Tukey's multiple comparisons test. 
ApoBD immunomodulatory effects on T cell proliferation (Figure 3B-D) was 
performed by two-�Z�D�\�� �$�1�2�9�$�� �Z�L�W�K�� �6�L�G�D�N�¶�V�� �P�X�O�W�L�S�O�H�� �F�R�P�S�D�U�L�V�R�Q�V�� �W�H�V�W����
Differentiation capacity (supplementary material 1 D and F), viability (supplementary 
material Figure 4) and blocked uptake assay (Figure 6H) was performed by two-tailed 
unpaired t-test. Differences were considered significant for p < 0.05. Statistical analysis 
was performed using GraphPad Software (8.0.2). The 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 HLA-DR were all absent. The differentiation capacity 
(adipogenic and osteogenic) of MSCs from all three donors was verified as shown in 
supplementary material Figure 1 C-F. All the MSCs can differentiate into adipocytes 
and osteocyte/osteoblasts. 

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

For the licensing strategy, we chose one pleiotropic cytokine, TGF-���������D�Q�G���W�K�U�H�H���S�U�R-
inflammatory cytokines IL-���������7�1�)-�.���D�Q�G���,�)�1-�������7�*�)-�������Z�D�V���V�K�R�Z�Q���L�Q���R�X�U���S�U�H�Y�L�R�X�V��
study to induce stronger immunomodulatory murine MSCs compared to untreated 
MSCs to modulate corneal allograft rejection [45]. Furthermore, for the aforementioned 
pro-inflammatory cytokines, sole licensing of IL-�������>�����@�����7�1�)-�.���>�����@���R�U���,�)�1-�����>�����@���F�D�Q��
induce an anti-inflammatory and immunomodulatory MSC phenotype. However, the 
combination of these cytokines was included here to investigate a potential synergistic 
effect. MSCs and allogeneic CD3/CD28-activated peripheral blood mononuclear cells 
(PBMCs) were co-cultured to evaluate their efficacy in a T cell proliferation assay 
which is widely used to test the immunomodulatory potency of MSCs [38, 45, 52].  

The results of co-culture 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 2A. Figure 1A described 
the MSC/PBMC co-culture protocol. As shown in Figure 1B, C and D, both naïve and 
licensed MSCs inhibited the proliferation of CD3+, CD3+CD4+ and CD3+CD8+ T 
cells. In particular, IFN-���� �Dnd dual TGF-�������,�)�1-���� �O�L�F�H�Q�V�L�Q�J�� �K�D�G�� �D�� �Y�H�U�\�� �S�U�R�I�R�X�Q�G��
inhibitory effect on T cell proliferation. Notably, sole licensing with TGF-�������R�U���,�/-������
alone appears to weaken the immunomodulatory effect of MSCs, despite our finding 
that TGF-�������O�L�F�H�Q�V�L�Q�J���H�Q�K�D�Q�F�H�V���W�K�H���Lmmunomodulatory capacity of mice MSCs in vitro 
and in vivo [45]. Nevertheless, its combination with IFN-���� �I�X�U�W�K�H�U�� �V�W�U�H�Q�J�W�K�H�Q�V�� �W�K�H��
originally strong inhibitory effect of IFN-���� �O�L�F�H�Q�V�L�Q�J�� �D�Q�G�� �W�K�H�� �G�X�D�O�� �W�U�H�D�W�P�H�Q�W���V�K�R�Z�V�� �D��
synergistic effect. TNF-�.���O�L�F�H�Q�V�L�Q�J���P�D�L�Qtains the original immunomodulatory effect of 
MSCs.  

3.3 Licensing of MSCs with proinflammatory and pleiotropic cytokines reduced 
�0���3���7�+�3-1 cell expression of TNF-�.���D�Q�G���,�/-���� 

Next, we investigated the effect of MSC-licensing on innate immune cell activation, 
namely macrophages and their capacity to express pro-inflammatory cytokines TNF-�.��
and IL-�������� �7�+�3-1 cells, as a human leukemia monocytic cell line, have been 
extensively used to study monocyte/macrophage functions [55, 56]. An M1 
macrophage-�O�L�N�H�����0���3�����7�+�3-1 cell model was established to investigate the effect of 
MSCs on reducing THP-1 expression of pro-inflammatory cytokines (Figure 1E). The 
gating strategy is shown in supplementary Material Figure 2B. TNF-�.���D�Q�G���,�/-�������S�U�R�W�H�L�Q��
expression were detected through intracellular staining and flow cytometry analysis. 
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For TNF-�.�� �S�U�R�W�H�L�Q�� �H�[�S�U�H�V�V�L�R�Q���� �Z�H�� �I�R�X�Q�G�� �W�K�D�W�� �Q�D�w�Y�H�� �0�6�&�V�� �K�D�G�� �Q�R�� �H�I�I�H�F�W�� �R�Q�� �7�1�)-�.��
production by THP-1 cells at the ratio of 5:1 (THP-1: MSC). However, licensing of 
MSCs achieved immunomodulation. Although the sole use of TGF-�������G�L�G���Q�R�W���O�H�D�G���W�R��
the inhibition of TNF-�.�� �H�[�S�U�H�V�V�L�R�Q���� �7�*�)-������ �F�R�P�E�L�Q�H�G�� �Z�L�W�K�� �D�Q�\�� �R�W�K�H�U�� �F�\�W�R�N�L�Q�H��
suppressed TNF-�.���H�[�S�U�H�V�V�L�R�Q�����)�L�J�X�U�H�����)�������,�Q�W�H�U�H�V�W�L�Q�J�O�\�����O�L�F�H�Q�V�L�Q�J���R�I���0�6�&�V���Z�L�W�K���,�)�1-
�������S�O�X�V���,�/-�������R�U���7�1�)-�.�����V�W�U�R�Q�J�O�\���U�H�G�X�F�H�G���7�1�)-�.���H�[�S�U�H�V�V�L�R�Q�����2�W�K�H�U���O�L�F�H�Q�V�L�Q�J���J�U�R�X�S�V����
including TNF-�.���D�Q�G���7�1�)-�.���,�/-1�������N�H�S�W���W�K�H���R�U�L�J�L�Q�D�O���7�1�)-�.���O�H�Y�H�O�����,�Q���D�O�O�����7�*�)-�������D�Q�G��
IFN-���� �O�L�F�H�Q�V�L�Q�J�� �P�D�\�� �H�Q�K�D�Q�F�H�� �W�K�H�� �F�D�S�D�F�L�W�\�� �R�I�� �0�6�&�V�� �W�R�� �U�H�G�X�F�H�� �7�1�)-�.�� �H�[�S�U�H�V�V�L�R�Q����
Regarding modulation of IL-������ �S�U�R�G�X�F�W�L�R�Q�� �E�\�� ���O�L�F�H�Q�V�H�G���� �0�6�&�V���� �Z�H�� �F�R�X�O�G�� �V�K�R�Z�� �W�K�D�W��
only licensing of MSCs with IL-�������,�)�1-���� �D�Q�G�� �7�1F-�.���,�)�1-���� �O�H�G�� �W�R�� �D�� �V�L�J�Q�L�I�L�F�D�Q�W��
inhibition. Neither naïve nor other tested licensing strategies seem to be able to 
modulate IL-�������S�U�R�G�X�F�W�L�R�Q by THP-1 cells (Figure 1G). 
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Figure 1. The immunomodulatory efficacy of mesenchymal stromal cells (MSCs) can 
be strengthened by anti/pro-inflammatory cytokines licensing. A. Schematic depicting 
the experimental set-up of MSC/peripheral blood mononuclear cell (PBMC) co-
cultures. B-D. 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 Dynabeads. E. Schematic illustrating the experimental overview 
of MSC/THP-1 coculturing assay. F-G. TNF-�.�� �D�Q�G�� �,�/-������ �H�[�S�U�H�V�V�L�R�Q�� �R�I�� �0���3�� �7�+�3-1 
cells after being treated with MSCs. Relative fluorescence intensity (RFI) in F and G 
�Z�D�V���Q�R�U�P�D�O�L�]�H�G���E�\���0���3���7�+�3-1 cells, which is the 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. *: p��0.05; **: p��0.01; ***: po#

0.001. 

In summary, IFN-���� �D�Q�G�� �7�*�)-�������,�)�1-���� �O�L�F�H�Q�V�L�Q�J�� �Z�H�U�H�� �D�E�O�H���W�R���H�Q�K�D�Q�F�H���W�K�H���L�Q�K�L�E�L�W�R�U�\��
effect of MSCs on allogeneic T cell proliferation. In addition, TGF-������ �D�Q�G�� �,�)�1-����
licensing enhanced the ability of MSCs to reduce pro-inflammatory cytokines 
�H�[�S�U�H�V�V�H�G���E�\���0���3���7HP-1. Therefore, these two cytokines were used to prepare licensed 
ApoBDs in the subsequent experiments. 

3.4 ApoBD characterization 

In the subsequent experiments, only TGF-���������,�)�1-�����D�Q�G���W�K�H�L�U���F�R�P�E�L�Q�D�W�L�R�Q���Z�H�U�H���X�V�H�G��
to stimulate the MSCs. We prepared naïve and licensed MSC-derived ApoBDs as 
shown in Figure 2A and as previously described [33, 34]. Flow cytometry was used to 
characterize apoptosis (Sytox AADCANCED-/Annexin-V+) of MSCs and the PD-L1 
expression on ApoBDs derived from apoptotic cells.  

For ApoBD preparation, at the end of the isolation procedure, the washing fluid was 
collected to confirm that our ApoBD sample did not contain any staurosporine traces 
or that the staurosporine concentration was not sufficient to induce apoptosis (Figure 
2B). In subsequent experiments (See T cell proliferation assay using ApoBDs), we 
detected T cells with strong proliferative ability in the presence of our TGF-������ �$�%��
sample, which also shows that the staurosporine of our ApoBD samples is very less and 
not enough to induce apoptosis (Figure 3B-D). We also tested if treatment of MSCs 
with cytokines may induce apoptosis. As Figure 2B shows, staurosporine induced 
apoptosis in MSCs as expected. Neither pre-treatment of MSCs with cytokines nor 
incubation of fresh MSCs with washing fluid from staurosporine-treated MSCs induced 
apoptosis, which suggested that our ApoBD sample did not contain residual 
staurosporine. A Bicinchoninic acid protein (BCA) assay was performed to quantify 
the protein yield of each group of ApoBDs (Figure 2C). 24-hour licensing with TGF-
���������,�)�1-�����R�U���E�R�W�K���G�L�G���Q�R�W���D�I�I�H�F�W��ApoBD yield. 1×106 naïve or licensed human MSCs 
�S�U�R�G�X�F�H�G�� �D�S�S�U�R�[�L�P�D�W�H�O�\�� ���������� ���J��ApoBDs. To analyze ApoBDs, we used the Cytek 
flow cytometer which can sensitively detect small particles [57].  

The gating strategy of ApoBDs �L�V���V�K�R�Z�Q���L�Q���)�L�J�X�U�H�����'�����:�L�W�K���W�K�H���H�T�X�D�O�������������/ injection, 
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 ApoBDs which 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 MSC-derived ApoBDs (IFN-����ApoBDs, pellet of IFN-����
apoptosis medium) highly expressed PD-L1 (Figure 2E), which was consistent with 
previously reported data that IFN-�����O�L�F�H�Q�V�L�Q�J���X�S�U�H�J�X�O�D�W�H�V���3�'-L1 on MSCs [37, 38, 52]. 

In addition, we also measured the size of both naïve and cytokine-licensed ApoBDs. 
We show that the majority of ApoBDs are larger than 500 nm and there is no significant 
difference between both naïve and licensed ApoBDs. The size of ApoBDs, as measured 
by zeta potential and size analyzer is shown in Figure 2F and G. And we finally 
visualized the ApoBD by transmission electron microscope as shown in Figure 2H. 
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Figure 2. Preparation and characterization of apoptotic bodies (ApoBDs). A. 
Experimental overview of ApoBD induction and isolation. B. Characterization of MSC 
apoptosis. Flow cytometry was used to assess the percentage of apoptotic cells 
(Annexin V+/Sytox AADVANCED-). C. Yield of ApoBDs by quantifying the protein via 
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bicinchoninic acid (BCA) assay. D. Gating strategy of particles of ApoBD size and 
�J�U�D�Q�X�O�D�U�L�W�\���Z�L�W�K���H�T�X�D�O�������������/���L�Q�M�H�F�W�L�R�Q���R�I���H�D�F�K���J�U�R�X�S�����(�����5�H�S�U�H�V�H�Q�W�D�W�L�Y�H���K�L�V�W�R�J�U�D�P�V���R�I��
PD-L1 expression assessed through flow cytometry. F-G. The size distribution of 
ApoBDs was assessed through Zeta Potential Analyzer. H. The representative 
transmission electron microscope image of ApoBD. Representative results of three 
independent experiments are shown ± SD and analyzed by one-way analysis of variance 
with Tukey's multiple comparisons test. *: p��0.05; **: p��0.01; ***: p ��0.001. 

3.5 MSC-derived ApoBDs inhibited allogeneic CD3+, CD3+/CD4+ and 
CD3+/CD8+ T cell proliferation 

Next, we investigated if ApoBDs derived from either naïve or licensed MSCs can 
modulate T cell proliferation. PBMC incubation with various amounts of ApoBDs 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 either naïve 
ApoBDs or ApoBDs from TGF-�������,�)�1-���� �O�L�F�H�Q�V�H�G�� �0�6�&�V���� �6�R�O�H���O�L�F�H�Q�V�L�Q�J���Z�L�W�K�� �,�)�1-����
but not TGF-�������D�O�V�R���V�K�R�Z�H�G���D���V�W�U�R�Q�J���L�Q�K�L�E�L�W�R�U�\���H�I�I�H�Ft. Even when incubating PBMC 
with a low dose of naïve 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 naïve or TGF-�������,�)�1-����ApoBDs, T cell proliferation is strongly inhibited.  

When analyzing the inhibitory effect resulting from the lowest dose of 125 ng ApoBDs 
(Figure 3E-J), both naïve and dual-licensed ApoBDs have a strong inhibitory effect on 
CD3+, CD3+/CD4+ and CD3+/CD8+ T cell proliferation. Even though the proliferated 
cells percentage caused by dual-licensed ApoBD was lower compared with naïve 
ApoBD, it did not reach statistical significance. While TGF-������ApoBDs and also IFN-
����ApoBDs individually significantly inhibited the CD3+ and CD3+/CD8+ T cell 
proliferation, the inhibitory effect caused by these two licensing treatments was 
weakened compared to naïve ApoBDs. TGF-������ �O�L�F�H�Q�V�L�Q�J�� �D�E�U�R�J�D�W�H�G�� �W�K�H�� �L�Q�K�L�E�L�W�R�U�\��
effect of ApoBDs on T cell proliferation. In summary, ApoBDs from both naïve and 
dual-licensed MSCs had a strong immunomodulatory effect on T cell proliferation even 
at a very low dose (125ng ApoBDs: 105 PMBC). 
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Figure 3. Mesenchymal stromal cell (MSC)-derived apoptotic bodies (ApoBDs) inhibit 
allogeneic T cell proliferation. A. Schematic of the experimental overview of ApoBD 
/PBMC T cell proliferation assay. All groups, except the unstimulated control, were 
stimulated with Human T-Activator CD3/CD28 Dynabeads. B-D. Percentage of 
proliferated CD3+, CD3+/CD4+ and CD3+/CD8+ T cells when treated with each 
group of ApoBDs in a gradient concentration. E-G. Representative histograms of 
Celltrace Violet (CTV) of CD3+, CD3+/CD4+ and CD3+/CD8+ T cells when treated 
with 125 ng ApoBDs in each group. H-J. Percentage of proliferated CD3+, 
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CD3+/CD4+ and CD3+/CD8+ T cells when treated with 125 ng each group of ApoBD. 
Flow cytometry was used to assess the proliferation. Representative results of three 
independent experiments are shown ± SD. B-D were analyzed by analysis of two-way 
�$�1�2�9�$���Z�L�W�K���6�L�G�D�N�¶�V���P�X�O�W�L�S�O�H���F�R�P�S�D�U�L�V�R�Q�V���W�H�V�W�����+-J were analyzed by one-way analysis 
of variance with Tukey's multiple comparisons test. *: p��0.05; **: p��0.01; ***: 
p��0.001. 

3.6 Naïve and dual-licensed MSC-derived 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 with ApoBDs modulated the T cell 
phenotype. At first, the percentage of Tregs after incubating PBMC with ApoBDs was 
investigated. Tregs are a specialized subpopulation of T cells that act to suppress the 
immune response, thereby maintaining homeostasis and self-tolerance. For the 
detection of Tregs induced by ApoBDs, 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 proliferation assay shown in Figure 3. Both naïve ApoBDs and TGF-
�������,�)�1-����ApoBDs induced a higher frequency of Tregs and the Treg induction by TGF-
�������,�)�1-����ApoBDs was slightly stronger than naïve ApoBDs. 

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 initiate anti-inflammation [58, 59]. 
CD69 is an activation marker of T cells involved in the production of IL-2, TNF-�.�����D�Q�G��
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 the frequency of CD69+ T cells in total CD3+ T cells 
(Figure 4C and F), which may indicate a reduced activation of T cells. Moreover, the 
reduction in CD69 expression by naïve and sole licensed ApoBDs is more pronounced 
than with dual licensed ApoBDs. 

In summary, ApoBDs were able to inhibit allogeneic T cell proliferation at a very low 
dose. They induced a higher frequency of Tregs which can be further enhanced by dual 
TGF-�������,�)�1-���� �O�L�F�H�Q�V�L�Q�J���� �,�Q�W�H�U�H�V�W�L�Q�J�O�\����ApoBDs maintained the frequency of 
immunosuppressive CD73+ T cells but at the same time reduced the frequency of 
activated CD69+ T cells. 
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Figure 4. Naïve and dual-licensed mesenchymal stromal cell (MSC)-derived apoptotic 
bodies (ApoBDs) altered the T cell immunomodulatory subtype. A-C. 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 control, were stimulated 
with Human T-Activator CD3/CD28 Dynabeads. Representative results of three 
independent experiments are shown ± SD and analyzed by one-way ANOVA with 
Tukey's multiple comparisons test. *: p��0.05; **: p ��0.01; ***: p ��0.001. 

3.7 ApoBDs were primarily taken up by CD14+ monocytes in PBMC and IFN-����
licensing may impede ApoBD uptake. 

To better understand the immunomodulatory mechanism of ApoBDs we studied the 
potential uptake of ApoBDs by 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 dose of ApoBDs, we observed that CFSE+ 
stained ApoBDs were preferentially phagocytosed by CD14+ monocytes in the PBMC 
population (Figure 5B-C). When incubating 50 ng ApoBDs with PBMC, after 8 hours, 
about 8% of CD14+ monocytes were CFSE+, indicating ~8% of monocytes 
phagocytosed ApoBDs. In contrast, only approximately 1.5% of CD14-/CD3- cells had 
taken up ApoBDs, and ApoBDs were rarely taken up by CD3+/CD14- T cells. In this 
short-time and low-dose assay, T cells did not phagocytose ApoBDs. Therefore, to 
clarify whether T cells can also take up ApoBDs, we extended the time and also used a 
higher dose (Figure 5A, long time model). The uptake capacity of each PBMC subtype 
of different ApoBDs was also quantified in this model. When incubating PBMCs with 
a high dose of ApoBDs for an extended period (24h), all subpopulations of PBMCs 
became CFSE+, indicating that all cells are able to take up ApoBDs, including 
CD3+/CD14- T cells, CD14+/CD3- monocytes and CD14-/CD3- cells (Figure D-F). 
Interestingly, the CFSE MFI of cells treated with IFN-����ApoBDs was the lowest (Figure 
G-I), indicating that IFN-���� �O�L�F�H�Q�V�L�Q�J�� �P�D�\�� �L�P�S�H�G�H�� �W�K�H�� �X�S�W�D�N�H�� �R�I��ApoBDs.
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Figure 5. Uptake of apoptotic bodies (ApoBDs) by peripheral blood mononuclear cells 
(PBMC). A. Experimental overview of ApoBD uptake assay showing that ApoBDs were 
labelled with CFSE before treatment onto PBMCs. All groups were stimulated with 
Human T-Activator 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+/CD14- cells (T cell), CD3-
/CD14+ cells (monocyte) and CD3-/CD14- cells (other cell). G-I. CFSE median 
fluorescence intensity (MFI) of CD3+/CD14- cells (T cell), CD3-/CD14+ cells 
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(monocyte) and CD3-/CD14- cells (other cell). 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. *: p��0.05; **: p��0.01; ***: p ��0.001. 

3.8 TGF-������ApoBDs were the most efficient at reducing TNF-�.�� �D�Q�G�� �,�/-������
�H�[�S�U�H�V�V�L�R�Q�� �E�\�� �0���3�� �7�+�3-1s, which may attribute to their high uptake 
efficiency. 

�6�R���I�D�U�����Z�H���V�K�R�Z�H�G���W�K�D�W���0�6�&�V���K�D�Y�H���D�Q���L�P�P�X�Q�R�P�R�G�X�O�D�W�R�U�\���H�I�I�H�F�W���R�Q���0���3���7�+�3-1 cells 
and described the potential of monocytes to phagocytose ApoBDs. We also wanted to 
investigate the effect of ApoBDs �R�Q���0���3���7�+�3-1 cells 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-
�.�� �D�Q�G�� �,�/-�������� �,�Q�W�H�U�H�V�W�L�Q�J�O�\���� �7�*�)-������ApoBDs and TGF-�������� �,�)�1-����ApoBDs were the 
most effective. The sole use of IFN-�����V�K�R�Z�H�G���D���U�H�O�D�W�L�Y�H�O�\���V�W�U�R�Q�J���H�I�I�H�F�W�����E�X�W���L�W���V�K�R�Z�H�G��
no benefit compared with naïve ApoBDs. Finally, the uptake of ApoBDs �E�\���0���3���7�+�3-
1 cells was studied. At first, through immunocytochemistry staining, Figure 6E showed 
�0���3�� �7�+�3-1 cells are phagocytosing ApoBDs���� �7�K�H�� �0���3�� �7�+�3-1 cells were also 
analyzed by flow cytometry for more quantitative detection. As demonstrated in Figure 
6F and G (gating strategy supplementary material Figure 3B), naïve ApoBDs and TGF-
������ApoBDs were more phagocytosed to a higher extent after 8 hours compared to IFN-
���� �D�Q�G�� �,�)�1-�����7�*�)-������ApoBDs, which was consistent with our previous result on 
PBMC/ ApoBDs up-take assay. This may also be the reason why TGF-������ApoBDs 
�Z�H�U�H�� �W�K�H�� �P�R�V�W�� �H�I�I�H�F�W�L�Y�H�� �L�Q�� �U�H�G�X�F�L�Q�J�� �0���3�� �7�+�3-1 cell expressing pro-inflammatory 
cytokines. In the blocked-uptake assay, wortmannin was used to study the uptake 
mechanism. As shown in Figure 6H-I, wortmannin blocked the uptake significantly. 
Because wortmannin is a phosphoinositide 3-kinase inhibitor [61] which is relevant to 
the phagocytosis of large particles [62], this assay suggests that the uptake of ApoBDs 
is partly dependent on the phosphoinositide 3-kinase pathway at least.In addition, 2.5 
×105 macrophage-like THP-���� �F�H�O�O�V�� �Z�H�U�H�� �L�Q�F�X�E�D�W�H�G�� �Z�L�W�K�� ���� ���J�� �Q�D�w�Y�H��ApoBDs (the 
highest ratio in this chapter) to test whether the ApoBDs are cytotoxic. As shown in 
supplementary material Figure 4, compared with the control group, ApoBDs did not 
induce low viability and apoptosis, which indicates the ApoBDs are not cytotoxic. 
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Figure 6. Effect of apoptotic bodies (ApoBDs) on M1 macrophage-�O�L�N�H�����0���3�����7�+�3-1 
cells expression of pro-inflammatory cytokines. A. Experimental overview of THP-1 
incubating with ApoBDs. B. TNF-�.�� �D�Q�G�� �,�/-���� �H�[�S�U�H�V�V�L�R�Q�� �R�I�� �0���3�� �7�+�3-1 cells when 
treated with a gradient dosage of ApoBDs. C-D. TNF-�.���D�Q�G���,�/-�����H�[�S�U�H�V�V�L�R�Q���R�I���0���3��
THP-1 cells when treated with 5000 ng ApoBDs. E. Immunocytochemistry staining 
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�S�L�F�W�X�U�H���R�I���0���3���7�+�3-1 when incubating CFSE-stained ApoBDs for 2 hours. F-G. CFSE 
�I�O�X�R�U�H�V�F�H�Q�W���L�Q�W�H�Q�V�L�W�\���R�I���0���3���7�+�3-1 cells after incubating CFSE-stained ApoBDs for 8 
hours. H-I. CFSE fluorescent of blocked uptake assay. The relative fluorescence 
�L�Q�W�H�Q�V�L�W�\�����5�)�,�����L�Q���%���D�Q�G���'���Z�H�U�H���Q�R�U�P�D�O�L�]�H�G���E�\���W�K�H���F�R�Q�W�U�R�O���J�U�R�X�S�����Z�K�L�F�K���Z�D�V���0���3���7�+�3-
1 cells. Protein expression was assessed through flow cytometry. Representative results 
of three independent experiments are shown ± SD and analyzed by one-way ANOVA 
with Tukey's multiple comparisons test. *: p��0.05; **: 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, 64]. In the MSC/PBMC co-culture 
assays, we verified that IFN-���� �D�Q�G�� �G�X�D�O�� �,�)�1-�����7�*�)-������ �O�L�F�H�Q�V�L�Q�J�� �V�W�U�H�Q�J�W�K�H�Q�V�� �W�K�H��
inhibitory effect of MSCs on T cells. This is the crucial reason why the subsequent 
experiment also continued the work of TGF-����/IFN-���� �O�L�F�H�Q�V�L�Q�J�� �H�Y�H�Q�� �L�I�� �W�K�L�V��
combination is merely a relatively powerful one in MSC/macrophage co-culture assay. 
Interestingly, sole TGF-�������O�L�F�H�Q�V�Lng did not 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 ApoBDs instead of MSCs, the strong inhibitory effect by dual IFN-
�����7�*�)-�������O�L�F�H�Q�V�L�Q�J���Z�D�V���P�D�L�Q�W�D�L�Q�H�G�����D�V���Z�H�U�H���W�K�H���W�U�H�Q�G�V���R�E�V�H�U�Y�H�G���Z�L�W�K���7�*�)-�������O�L�F�H�Q�V�L�Q�J����
Interestingly, IFN-���� �O�L�F�H�Q�V�L�Q�J�� �G�L�G�� �Q�R�W�� �H�Q�K�D�Q�F�H�� �W�K�H�� �L�P�P�X�Q�R�P�R�G�X�O�D�W�R�U�\�� �H�I�I�L�F�L�H�Q�F�\�� �R�I��
ApoBDs compared to ApoBDs from naïve MSCs (Figure 3C, E and F) which was 
unexpected. We expected that each post-cytokine-licensed ApoBD would have a 
similar effect as their parent cells, but we found that both sole TGF-������ �D�Q�G�� �,�)�1-����
licensed ApoBDs had a reduced inhibitory effect on T cell proliferation, compared with 
naïve ApoBDs. We suggest that the low phagocytosis of IFN-����ApoBDs resulted in a 
reduction of the originally strong effect (Figure 5F). If the uptake efficiency of IFN-����
ApoBDs were as high as that of naïve ApoBDs, they may inhibit the T cell proliferation 
to a greater extent. With regards to TGF-������ �O�L�F�H�Q�V�H�G��ApoBDs, we believe that their 
effect is weak because the effect of TGF-����-licensed MSC was weak. Therefore, even 
if phagocytosis of TGF-������ApoBDs was high, this might contribute 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 TGF-����-licensed cells 
(Figure 1B-D), so even if their uptake is high, their effects are weak. IFN-�����7�*�)-������
ApoBDs have a slightly strengthened effect than naïve ApoBDs because this combined 
licensed strategy both has strengthened biological effect from IFN-�����O�L�F�H�Q�V�L�Q�J�����)�L�J�X�U�H��
1B-D) and keeps intermediate uptake from TGF-������licensing (Figure 5G). 

Previous studies have found PD-L1 is upregulated in IFN-��-licensed MSCs [37, 52]. 
We found PD-L1 is also upregulated in IFN-��-licensed MSC-derived ApoBDs. 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 PD-L1 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 PD-L1 false positive high PD-L1 readings. However, we tested these 
particles and confirmed that they are PD-L1 low (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 the ApoBDs, and thus through protein binding to the target cell may affect 
the uptake. Staurosporine is widely used to induce apoptosis and prepare ApoBDs [33, 
34, 67]. Three main results reveal that our ApoBD samples did not contain 
staurosporine or that the concentration was negligible: 1) the washing fluid, which was 
obtained by washing the ApoBD 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 the ApoBD (Figure 3B); 3) large dosage of ApoBDs did 
not result in THP-1 apoptosis and low viability (supplementary material Figure 4). 

We reported that all groups of licensed ApoBDs 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 their EVs were 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 reduced adenosine [71]. This verified that CD73 may be 
downregulated during inflammation. CD69 is considered an activated marker of T cells 
on both pro- and anti-inflammation [72, 73]. For pro-inflammation, CD69+ T cells were 
poised for the high production of pro-inflammatory cytokines [74]. The increase of 
CD4+/CD69+ T cells possibly represents inflammation [75] and aggravates 
autoimmune disease [76, 77]. Moreover, the anti-inflammatory function of CD69 is 
often linked to Tregs. It was reported that CD69 expression is 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]. 

�$�� �Q�H�Z�� �0���3�� �7�+�3-1 cell-based model was established to investigate the 
immunomodulatory potential of MSCs and their ApoBDs, which was also inspired by 
the direct interaction between monocyte [81] /macrophage [48, 82] and MSCs. We 
concluded that ApoBDs were mostly phagocytosed by monocytes and less so by T cells. 
By quantifying the expression of pro-inflammatory cytokines TNF-�.�� �D�Q�G�� �,�/-�������� �W�K�L�V��
model is very valuable to detect the immunomodulatory effects of MSCs or ApoBDs. 
We found that sole licensing with TGF-������ �H�Q�K�D�Q�F�H�G�� �W�K�H�� �F�D�S�D�F�L�W�\�� �R�I�� �0�6�&�� �D�Q�G�� �L�W�V��
ApoBDs �W�R�� �P�R�G�X�O�D�W�H�� �0���3�� �7�+�3-1 cells. Similarly, with ApoBD inhibiting T cell 
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proliferation, we speculated that each kind of ApoBD has a similar effect as their parent 
cell. In other words, sole TGF-�������R�U���,�)�1-����ApoBDs should be more effective to affect 
M1 polarization than naïve ApoBDs because both TGF-������ �D�Q�G�� �,�)�1-���� �O�L�F�H�Q�V�L�Q�J��
enhanced the effect of MSCs on M1 polarization. However, we observed that IFN-����
licensing weakened this effect of ApoBDs. We speculated that the low uptake efficacy 
of IFN-����ApoBDs limited its originally powerful effect (Figure 6G). On the contrary, 
the high uptake of TGF-������ApoBDs enhanced its originally powerful effect. Therefore, 
we conclude that TGF-������ApoBDs were the most favorable ApoBD to reduce pro-
inflammatory cytokine expression. In terms of combined licensing of IFN-�����D�Q�G���7�*�)-
���������W�K�H���H�I�I�H�F�W���Z�D�V���W�K�H���V�D�P�H���Z�L�W�K���V�R�O�H���7�*�)-���������)�L�J�X�U�H�����'�������:�H���V�S�H�F�X�O�D�W�H�G���L�Q���W�K�L�V���D�V�V�D�\��
the strengthened effect of TGF-�������L�V���Y�H�U�\���V�W�U�R�Q�J���V�R���W�K�D�W���W�K�H���U�H�G�X�F�H�G���X�S�W�Dke caused by 
IFN-�����K�D�V���O�L�W�W�O�H���H�I�I�H�F�W���R�Q���W�K�H���I�L�Q�D�O���U�H�V�X�O�W�� 

In our work, we did not detect any effect of naïve MSCs on THP-1 cells which may be 
because of the ratio of MSCs to THP-1 cells (THP-1: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-������ �D�Q�G�� �7�1�)-�.�� �V�R�� �Z�H�� �P�L�J�K�W�� �Q�R�W�� �V�H�H�� �W�K�H�� �Q�R�W�L�F�H�D�E�O�H��
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 effect on M1 macrophage. ApoBDs were shown to have great potential 
for immunomodulation, especially the TGF-�������,�)�1-����ApoBDs. They strongly inhibited 
�7���F�H�O�O���S�U�R�O�L�I�H�U�D�W�L�R�Q���D�Q�G���V�L�P�X�O�W�D�Q�H�R�X�V�O�\���P�D�L�Q�W�D�L�Q�H�G���D���K�L�J�K�H�U���U�D�W�L�R���R�I���7�U�H�J�V�����,�Q���W�K�H���0���3��
THP-1 cell assay, naïve ApoBDs, as well as all groups of licensed ApoBDs, were able 
to inhibit pro-inflammatory cytokine expression. Lastly, ApoBD lowered the frequency 
of CD69+ T cells activated and at the same time maintained the frequency of CD73+ T 
cells (immunosuppressive). 

5. Conclusions 

In all, we reported that IFN-�����O�L�F�H�Q�V�L�Q�J���H�Q�K�D�Q�F�H�G���W�K�H���L�Q�K�L�E�L�W�R�U�\���H�I�I�H�F�W���R�I���0�6�&�V���R�Q���7��
cell proliferation. Moreover, TGF-�������D�Q�G���,�)�1-�����O�L�F�H�Q�V�L�Q�J���H�Q�K�D�Q�F�H�G���W�K�H���H�I�I�H�F�W���R�I���0�6�&�V��
�R�Q���0���3���7�+�3-1 cells. We also found that licensing influences the uptake of ApoBDs by 
PBMCs and also modulates their impact on recipient cell phenotype. TGF-�������,�)�1-����
ApoBDs strongly inhibited T cell proliferation and simultaneously kept a high 
frequency of Tregs. TGF-�������,�)�1-����ApoBDs also maintained the T cell frequency 
between a low pro-inflammatory and high immunomodulatory phenotype. Besides, 
ApoBDs �Z�H�U�H�� �S�U�R�Y�H�Q�� �W�R�� �U�H�G�X�F�H�� �0���3�� �7�+�3-1 cells expressing the pro-inflammatory 
cytokines TNF-�.���D�Q�G���,�/-�������� 
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M1 macrophage-like; MSC: mesenchymal stromal cell; PBMC: peripheral blood 
mononuclear cells; PBS: phosphate-buffered saline; PD-L1: Programmed death-Ligand 
1; PFA: paraformaldehyde; Treg: regulatory T cell 
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9.2 Supplementary Material Figure 2 
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9.3 Supplementary Material Figure 3 
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9.4 Supplementary Material Figure 4 
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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, apoptotic body, 
immunomodulation, immunosuppression. 

Abstract 

Background: Mesenchymal stromal cell (MSC) apoptosis was reported required for 
their therapeutic function including immunomodulation. In our previous study, MSC-
derived apoptotic bodies (ApoBDs) also exhibit immunomodulatory potency. However, 
compared with small extracellular vesicles, there is a dearth of literature to elaborate on 
the preparation, characterization and biological properties of ApoBDs. 

Purpose: This project aims to prepare highly efficient and non-cytotoxic ApoBDs and 
evaluate their immunomodulatory potential in vitro. 

Methods: ApoBDs were collected from the conditioned medium (fetal bovine serum-
free) of staurosporine-induced apoptotic human MSCs. 3,000 g and 16,000 g 
centrifugation was performed to isolate large and small ApoBDs, 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 incubated with peripheral 
blood mononuclear cells and macrophages, respectively, to investigate their in-vitro 
immunomodulatory capacity. 

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 and 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 allogeneic T-cell proliferation but large ApoBDs 
were more effective. Next, in  ApoBDs/macrophage incubation assays, both ApoBDs 
can polarize M1 macrophages towards M2-like phenotype with large ApoBDs being 
more effective in upregulating the expression of CD163. Besides, large ApoBDs were 
easier to be phagocytosed by macrophages as detected through flow cytometry analysis 
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and immunocytochemistry images. Finally, the in-vitro cytotoxicity of both ApoBDs 
was verified well as no toxicity was observed following staurosporine treatment. 

Conclusion: Staurosporine-induced ApoBDs are non-cytotoxic and exhibit 
immunomodulatory potential in vitro. Compared with small ApoBDs, large ApoBDs 
are more effective in inhibiting T-cell proliferation and M2 polarization. ApoBDs could 
be useful in future studies replacing cell therapies with MSCs. 

1. Introduction  

Mesenchymal stromal cells (MSCs) have been reported as potent immunomodulatory 
[1, 2] and anti-inflammatory [3-5] agents, in conditions such as rheumatoid arthritis, 
type 1 diabetes and uveitis. In terms of MSC therapeutic mechanism, MSCs were 
reported to inhibit T cell proliferation [6] and also promote regulatory T cells (Tregs) 
[7]. However, the limited efficacy [8] and immunogenicity problems [9-12] following 
MSC administration are still critical hurdles that currently impede the wider 
therapeutic application of MSCs.  

Extracellular vesicles (EVs) display similar biological properties to their parental cells 
[13-15]. Based on their biogenesis, EVs can be categorized into exosomes, ectosomes/ 
microvesicles or apoptotic bodies (ApoBDs). Exosomes are released from live cells 
when multi-vesicular bodies fuse with the membrane [16-18]. In contrast, ApoBDs 
are produced by apoptotic cells which includes condensation of the nuclear chromatin, 
membrane blebbing, and disintegration of the cellular content into distinct membrane-
enclosed vesicles. Currently, ApoBDs were verified to have the same therapeutic 
effects as their parental non-apoptotic cells [19-22] on the basis of similar proteomic 
[22] and transcriptional [21] signatures. More importantly, it has been reported that 
MSCs undergo apoptosis in vivo after transplantation [23] which was required for 
their therapeutic function [24]. Therefore, it is interesting to speculate whether 
ApoBD generated in vivo can replace live MSC delivery. ApoBD therapy (cell-free 
therapy) is of low immunogenicity [25-27] in theory and is more convenient for 
storage and transportation compared with live cells. Our previous study has 
demonstrated that human bone marrow MSC-derived ApoBDs can inhibit allogeneic 
T cell proliferation, reduce M1 macrophage-secreted pro-inflammatory cytokines and 
induce more Tregs [28]. In addition, MSC-derived ApoBDs 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 of EVs, clarify the components and increase stability 
between EV batches. For example, early in 2017, it was reported that adipocyte-
derived large and small EVs were distinct in some expressions of lipid and protein. 
These contributed to the EV subtype identification [31]. The example above is 
utilizing size as the distinguished principle. Another popular example is protein 



Chapter 3: Apoptotic body subpopulation 

117 

 

composition. Karimi 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+/CD81+ [32]. Different surface markers may 
represent different phenotypes and sources of EV. However, the research on EV 
subtypes is very hot, but the research on ApoBD subtypes is not. Although 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 strict criteria like for EVs, as 
published by International Society of Extracellualr Vesicles (ISEV) [33]. In recently 
published literature, centrifugation was usually used to isolate the ApoBDs, but there 
was no accepted and standardised method (centrifugation condition). Some 
researchers isolated the supernatant in 3000g for 20-30 minutes [34-36], while others 
did in 16000g [29, 37, 38]. According to their characterization and our previous study, 
we speculated that 3000g would isolate large vesicles and 16000g would isolate 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 staurosporine-induced 
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 ApoBDs are non-cytotoxic and exhibit immunomodulatory potential in vitro. 
Compared with small ApoBDs, large ApoBDs are more efficient in inhibiting human 
and mice T-cell proliferation and human M2-macrophage polarization. ApoBDs could 
be useful in future studies replacing cell therapies 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 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 added, and individual colonies of fibroblast-like cells were allowed to 
expand and approach confluence prior to passage. 

�+�X�P�D�Q���0�6�&�V���Z�H�U�H���F�X�O�W�X�U�H�G���L�Q���.-MEM (BioSciences, Dublin, Ireland) with 1% 
penicillin/streptomycin (Sigma-Aldrich, Wicklow, Ireland), 10% fetal bovine serum 
(FBS) (Sigma-Aldrich, Wicklow, Ireland), and 1 ng/mL FGF-2 (Sigma-Aldrich, 
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 HLA-DR) by flow cytometry and 
for their differentiation capacity. At first, MSCs were harvested and incubated with 
anti-human antibodies (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 (Tree Star 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 cells (PBMC) isolation and culture 

PBMCs were isolated by density-gradient centrifugation from whole blood samples 
after written informed consent was obtained from four healthy volunteers (University 
of Galway Research Ethics Committee). 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 layering 3 mL of anti-
coagulated blood over 3 mL endotoxin-free Ficoll-Premium (Sigma-Aldrich, 
Wicklow, Ireland) density-gradient solution in a 15 mL tube. Samples were then 
centrifuged at 400 g for 22 mins at 18°C. Using a plastic Pasteur pipette, the visible 
�³�E�X�I�I�\���F�R�D�W�´���O�D�\�H�U���R�I���P�R�Q�R�Q�X�F�O�H�D�U���F�H�O�O�V���Z�D�V���U�H�P�R�Y�H�G�����3�%�0�&�V���Z�H�U�H���W�U�D�Q�V�I�H�U�U�H�G���L�Q�W�R��
fresh 15mL tubes, washed twice with 10mL DPBS (ThermoFisher Scientific) and 
centrifuged at 400 g for 5 min at 25 °C. The total number of live cells was determined 
by Trypan Blue exclusion.  

PBMCs were cultured in RPMI-1640 medium (BioSciences, Dublin, Ireland) with 1% 
penicillin/streptomycin (Sigma-Aldrich, Wicklow, Ireland), 10% fetal bovine serum 
(FBS) (Sigma-Aldrich, Wicklow, Ireland). 

2.3 Macrophage-like THP-1 cell culture 

THP-1 cells and human peripheral blood cells were cultured in RPMI-1640 (Sigma-
Aldrich, Wicklow, Ireland) with 10% heat-inactivated FBS (Thermo Fisher Scientific, 
Dublin, Ireland), 1% L-Glutamine (Sigma-Aldrich, Wicklow, Ireland), and 1% 
penicillin/streptomycin (Sigma-Aldrich, Wicklow, Ireland).  

THP-1 cells were incubated with 100 ng/mL phorbol 12-myristate 13-acetate (PMA) 
(Sigma-Aldrich, Wicklow, Ireland) for 24 hours to differentiate macrophage-like 
THP-1 cells. After 24 hours, the differentiated macrophage-like THP-1 cells were 
attached to the flask. After washing off the suspended undifferentiated cells, 
macrophage-like THP-1 cells were incubated with LPS (100 ng/mL) (Sigma-Aldrich, 
Wicklow, Ireland) and IFN-�������������Q�J���P�/�������3�H�S�U�R�W�H�F�K�����/�R�Q�G�R�Q�����8�.�������I�R�U���D�Q�R�W�K�H�U��������
hours to induce M1 macrophage THP-1 cells. 
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2.4 Mice primary lymphocyte isolation and culture 

6�±10-week-old female C57BL/6 mice were euthanised by CO2 asphyxiation, and 
cervical and inguinal lymph nodes and spleens were harvested and placed in ice-cold 
PBS. Single-cell 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 
�S�D�V�V�H�G���W�K�U�R�X�J�K���D���������P���V�W�U�D�L�Q�H�U�����W�K�H�Q���S�H�O�O�H�W�H�G���E�\���F�H�Q�W�U�L�I�X�J�D�W�L�R�Q���D�W�����������J���I�R�U�������P�L�Q����
Cells were resuspended in mice T cell medium (RPMI-1640, 10% FBS, 1mM Sodium 
Pyruvate, 1% non-essential amino acids, 2mM L-Glutamine, 1% 
Penicillin/Streptomycin and 50 ��M ��-mercaptoethanol).  

Single-cell suspensions of splenocytes were prepared by gentle dissociation of the 
spleen using the plunger of a 1 mL syringe in a petri dish in a sterile laminar flow 
�K�R�R�G�����7�K�H���F�H�O�O�V���Z�H�U�H���S�D�V�V�H�G���W�K�U�R�X�J�K���D���������P���V�W�U�D�L�Q�H�U���D�Q�G���S�H�O�O�H�W�H�G���E�\���F�H�Q�W�U�L�I�X�J�D�W�L�R�Q���D�W��
800 g 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 adding 10 mL T cell medium. The suspension was then 
pelleted by centrifuging at 800 g for 5 minutes and the cells were resuspended in fresh 
mice T cell medium. A 90% lymphocyte with or without 10% 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 (Sigma-�$�O�G�U�L�F�K�����:�L�F�N�O�R�Z�����,�U�H�O�D�Q�G�����D�W���������×���0���I�R�U�������×�K��
to induce apoptosis. The supernatant was collected and centrifuged at 500 g for 
�����×�P�L�Q���D�W�����×�ƒ�&���Wo remove cells and debris. Then, the supernatant was further 
�F�H�Q�W�U�L�I�X�J�H�G���D�W�����������J���I�R�U�������×�P�L�Q���D�W�����×�ƒ�&�����D�Q�G���W�K�H���S�H�O�O�H�W�����Z�K�L�F�K���Z�D�V���F�R�Q�V�L�G�H�U�H�G���D�V��
3000g ApoBD pellet, was washed twice in phosphate-buffered saline (PBS) and 
centrifuged again at 3000g. Then, the supernatant was centrifuged at 16000g 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 ApoBD�V���Z�H�U�H���V�X�V�S�H�Q�G�H�G���L�Q���������×���/���3�%�6���D�Q�G���V�W�R�U�H�G���D�W���í�×�����×�ƒ�&���D�Q�G���X�V�H�G���X�S��
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 PD-L1 because PD-L1 was found to be highly expressed in IFN-��-
licensed MSCs [28, 40, 41] and PD-L1 is known for its immunosuppressive effect 
[42, 43]. ApoBDs 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 related antibodies (details in table S1, Biolegend, California, USA) for 
�������P�L�Q�����$�I�W�H�U���V�W�D�L�Q�L�Q�J�����W�K�H���V�D�P�S�O�H���Z�D�V���F�H�Q�W�U�L�I�X�J�H�G���D�W�������������J���I�R�U�������×�P�L�Q���D�W�����×�ƒ�&���W�R��
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pellet the stained ApoBDs. Then, stained ApoBDs were resuspended in fresh FACS 
buffer for analysis using the Northern Lights�Œ 3000 flow cytometer (Cytek).  

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

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

In terms of the morphology, ���������/���R�I���V�D�P�S�O�H�V���I�L�[�H�G���L�Q���������3�)�$���D�Q�G���L�Q�F�X�E�D�W�H�G���R�Q����������
mesh gold formvar carbon-coated 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 
50,000× for wide-field view, 100,000× for morphological assessment, all at an 
accelerating voltage of 75kV. 

2.5 PBMC/ ApoBDs assay and mouse primary lymphocyte/ ApoBDs assay 

PBMCs were stained with the CellTrace�Œ Violet proliferation kit (Thermo Fisher 
�6�F�L�H�Q�W�L�I�L�F�����'�X�E�O�L�Q�����,�U�H�O�D�Q�G�����D�F�F�R�U�G�L�Q�J���W�R���W�K�H���P�D�Q�X�I�D�F�W�X�U�H�U�¶�V���S�U�R�W�R�F�R�O���D�Q�G���V�H�H�G�H�G���L�Q��������
well-round bottom plates (Sarstedt) at a concentration of 1×105 �F�H�O�O�V���������� ���/�� �R�I��
complete medium with or without 1×104 Human (or mice) T-Activator CD3/CD28 
Dynabeads® (Thermo Fisher Scientific, Dublin, Ireland). 

To assess the impact of ApoBDs on human T cell proliferation, 125 ng, 250 ng, 500 ng, 
1000 ng and 2000 ng ApoBDs were incubated with PBMCs, respectively. ApoBDs 
from three donors and PBMC from three donors were used.  

In terms of mice T cell, the incubation was in the presence or absence of 1×104 mice 
autologous splenocytes. 125 ng, 500 ng and 2000 ng of ApoBDs were incubated with 
mice T cells. ApoBDs from three donors and mice cells from three donors were used. 

After 96 hours, cells were harvested and incubated with anti-human 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 THP-1 cells have been shown to serve well as a model for primary human 
monocytes/macrophages [44]. We used THP-1 cell-differentiated macrophages to 
study the effect of ApoBDs on macrophages. 
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1 ×105 M1 macrophages and 125 ng, 250 ng, 500 ng, 1000 ng and 2000 ng ApoBDs 
were seeded into a 96-well plate. 48 hours later, cells were harvested and incubated 
with anti-human 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 in PBS and incubated with CellTrace�Œ CFSE (Thermo 
Fisher Scientific, Dublin, Ireland) for 30 min. After staining, the sample was 
�F�H�Q�W�U�L�I�X�J�H�G���D�W�������������J���I�R�U�������×�P�L�Q���D�W�����×�ƒ�&���W�R���S�H�O�O�H�W���W�K�H���V�W�D�L�Q�H�G���$poBDs. The stained 
ApoBDs were resuspended in fresh MSC basal medium or PBMC medium for 5 min 
�D�W�������ƒ�&�����7�K�H�Q�����W�K�H���V�D�P�S�O�H���Z�D�V���F�H�Q�W�U�L�I�X�J�H�G���D�W�������������J���I�R�U�������×�P�L�Q���D�W�����×�ƒ�&���W�R���S�H�O�O�H�W���W�K�H��
stained ABs and the unbound dye was removed. Finally, the CFSE-stained ABs were 
suspended in fresh THP-1 or PBMC medium. 

For assessment of M1 macrophage phagocytosis of ApoBDs, 1×105 macrophages 
were seeded in a 96-well round bottom plate. After they were differentiated into an 
M1 phenotype, 1000 ng ApoBDs stained with CFSE were incubated with M1 
macrophages for 0.5, 1, 2, 4 and 8 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 permeabilized with 0.1% Triton X-100 (Sigma-Aldrich, 
Wicklow, Ireland) for 15 mins. Then the permeabilized cells were stained with DAPI 
(Biolegend, California, USA) and Flash Phalloidin�Œ Red 594 (Biolegend, California, 
USA). The pictures were captured through the Olympus CKX53 microscope and 
analyzed with cellSens imaging software. ApoBDs from three donors were used in 
this assay. 

2.8 Statistics 

Data are presented as mean ± SD. Most comparisons between groups were done by 
one-way analysis of variance (ANOVA) with Tukey's multiple comparisons test. Figure 
3A, D and F, Figure 4A, D and G, Figrue 5C and E, Figure 6A and C and Figure 7A 
were performed by analysis of two-�Z�D�\���$�1�2�9�$���Z�L�W�K���6�L�G�D�N�¶�V���P�X�O�W�L�S�O�H���F�R�P�S�D�U�L�V�R�Q�V��
test. Figure 1D, and E, Figure 2B and supplementary material Figure 1E were 
performed by two-tailed unpaired t-test. Differences were considered significant for p 
< 0.05. Statistical analysis was 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 MSCs (CD90, CD73, CD44, CD11b, 
CD45 and HLA-DR). In brief, MSCs were positive in CD90, CD73 and CD44 and 
low in CD45, CD11b and HLA-DR. The differentiation capacity (adipogenic and 
osteogenic) of MSCs from all three donors was verified. These results can be found in 
our previous research [28].  

3.2 Characterization of human MSC-derived ApoBDs 

As shown in Figure 1A, 3000g pellet was collected as the 3000g ApoBDs and 
following thatthe 16000g pellet was collected as the 16000g ApoBDs. As shown in 
Figure 1B-D, 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 3000g pellet was 723±10.1 nm, and the 16000g was 535.6±43.2 
nm. The 3000g ApoBDs pellet was significantly larger than the 16000g ApoBDs 
pellet. In the subsequent experiments, the 3000g pellet was defined as the large 
ApoBDs (l-ApoBDs) and the 16000g pellet was defined as the small ApoBDs (s-
ApoBDs). Visualised and confirmed by transmission electron microscopy (TEM) 
(Figure 1F-G), l-ApoBDs were larger than s-ApoBDs. Both ApoBDs had bilayer 
membrane structure, which is consistent with the guideline published by ISEV [33]. 

We also quantified the yield of both ApoBDs as shown in Figure 1E, with the yield of 
s-ApoBDs being higher compared to l-ApoBDs. The yield of s-ApoBDs was 26.9±3.8 
���J���P�L�O�O�L�R�Q���0�6�&�V���D�Q�G���W�K�H���O-�$�S�R�%�'�V���Z�D�V�����������“�����������J���P�L�O�O�L�R�Q���0�6�&�V�� 

Both ApoBDs were injected into the flow cytometer for further characterisation. As 
shown in Figure 2A, we gated the annexin-V positive subpopulation to get the ApoBDs. 
The forward scatters (FSC) of both ApoBDs were compared in Figure 2A-B. The FSC 
of l-ApoBDs was larger than s-ApoBDs and the p-value 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 Figure 2A, the surface marker profile of both 
ApoBDs was characterized (Figure 2C). We investigated the commonly seen markers 
of MSC in MSC-derived ApoBDs. Both ApoBDs stained positive for the same 
selected surface proteins: they expressed CD90, CD73 and CD44 highly and they 
expressed CD11b, HLA-DR and PD-L1 lowly. These expression profiles were also 
consistent with their parental MSCs [28]. 
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Figure 1. The preparation and characterization of large and small apoptotic bodies (l-
ApoBDs, s-ApoBDs). A. The preparation of two categories of ApoBDs. B-D. The 
representative size histogram of two categories of ApoBDs measured by Malvern 
Zetasizer. E. The yields of two categories of ApoBDs. F-G. The representative images 
of ApoBDs taken by transmission electron microscope. Two-tailed unpaired t-test was 
performed to analyze D and E.( *: p<0.05; **: p<0.01;) 
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Figure 2. Characterization of apoptotic bodies (ApoBDs) through flow cytometry. A. 
The gating strategy of ApoBDs. (FMO: Fluorescence minus one). B. The FSC (forward 
scatter) medians of ApoBDs quantified by flow cytometry. C. The 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 two-tailed unpaired t-test. *: 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 dosage dependence. The gating strategy was shown in 
supplementary material Figure 1A. As displayed in Figure 3A, with the concentration 
of both ApoBDs increased, the frequency of proliferated CD3+, CD3+/CD4+ and 
CD3+/CD8+ T cells decreased. This demonstrated both ApoBDs can inhibit allogeneic 
T cell proliferation. A two-way ANOVA test was performed to investigate whether 
there is any difference between large and small ApoBDs. We found l-ApoBDs were 
stronger in this inhibitory effect on CD3+ and CD3+/CD4+ T cells, with p-values of 
0.0767 and 0.0037 respectively. As displayed in Figure 3B, the 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, l-
ApoBDs were significantly stronger in inhibiting CD3+/CD4+ and CD3+/CD8+ T cell 
proliferation. We also visualised the proliferated Celltrace Violet fluorescence as 
displayed in Figure 3C. One more generation of proliferated T cells in the stimulated 
control group than in the experimental group can be observed. At last, the viability of 
PBMCs was quantified because some previous studies reported the cytotoxicity of 
staurosporine [45, 46]. We wanted to demonstrate our both ApoBDs were non-
cytotoxic because during the preparation, the pellet was washed at least five times to 
remove the possible water-soluble staurosporine. As displayed in Figure 3D-E, both 
ApoBDs were considered non-cytotoxic to the human primary lymphocytes. The 
results are similar with PBMCs as displayed in Figure 3F-G. In terms of the PBMCs, 
the viability was ~70% while the lymphocytes�¶ viability was ~86%. This was because 
the T cell expansion beads were added into the incubation system, which would result 
in a high frequency of expanded viable T lymphocytes. 
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Figure 3. The ApoBDs/human PBMCs assay. A. 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. Representative histograms 
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 ApoBDs. 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 experiments. A, D and F were analyzed by analysis of two-way 
�$�1�2�9�$���Z�L�W�K���6�L�G�D�N�¶�V���P�X�O�W�L�S�O�H���F�R�P�S�D�U�L�V�R�Q�V���W�H�V�W�����%�����(���D�Q�G���*���Z�H�U�H���D�Q�D�O�\�]�H�G���E�\���R�Q�H-way 
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�D�Q�D�O�\�V�L�V�� �R�I�� �Y�D�U�L�D�Q�F�H�� �Z�L�W�K�� �7�X�N�H�\�¶�V�� �P�X�O�W�L�S�O�H�� �F�R�P�S�D�U�L�V�R�Q�V�� �W�H�V�W���� �Q�V���� �Q�R�W�� �V�L�J�Q�L�I�L�F�D�Q�W���� �
����
p<0.05; **: p<0.01; ***: p <0.001. (l-ApoBDs: large apoptotic bodies; s-ApoBDs: 
small apoptotic bodies) 

3.4 ApoBDs/macrophages assay 

Next, we investigated whether both ApoBDs can polarize M1 macrophages. Human 
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 Figure 4A 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 Figure 4A, l-ApoBDs were 
stronger to upregulate CD163 than s-ApoBDs with the p-value of 0.0628. Comparing 
the expression profile of M1 macrophage control and the ApoBDs-treated groups, as 
shown in Figure 4B and E, 2000 ng l-ApoBDs can significantly upregulate CD163. S-
ApoBDs are unable to upregulate CD163. The polarized effect of l-ApoBDs was 
stronger than s-ApoBDs, with a p-value of 0.0957. However, in terms of CD206 
expression, both ApoBDs cannot upregulate CD206 significantly even there is a clear 
tendency towards significance. At last, the fluorescence histograms of CD163 and 
CD206 quantified by flow cytometer were visualized in Figure 4C and F. 

Moreover, we also investigated the viability of macrophages to both ApoBDs. As 
displayed in Figure 4G-H, both ApoBDs preparations had no effects on macrophage 
viability, which further demonstrated that both ApoBDs are non-cytotoxic. 
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Figure 4. The apoptotic bodies (ApoBDs)/ macrophage assay. A. The CD163 
expression of macrophages when treated with ApoBDs in a gradient concentration. B. 
The CD163 expression of macrophages when treated with 2000 ng ApoBDs. C. The 
representative histogram of CD163 expression when treated with 2000 ng ApoBDs. D. 
The CD206 expression of macrophages when treated with ApoBDs in a gradient 
concentration. E. The CD206 expression of macrophages when treated with 2000 ng 
ApoBDs. F. The representative histogram of CD206 expression when treated with 2000 
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ng ApoBDs. G. The viability of macrophages when treated with ApoBDs in a gradient 
concentration. H. The viability of macrophages when treated with 2000 ng ApoBDs. 
All of the results consisted of three independent experiments. A, D and G were analyzed 
by analysis of two-�Z�D�\�� �$�1�2�9�$�� �Z�L�W�K�� �6�L�G�D�N�¶�V�� �P�X�O�W�L�S�O�H�� �F�R�P�S�D�U�L�V�R�Q�V�� �W�H�V�W. B, E and H 
were analyzed by one-way �D�Q�D�O�\�V�L�V���R�I���Y�D�U�L�D�Q�F�H���Z�L�W�K���7�X�N�H�\�¶�V���P�X�O�W�L�S�O�H���F�R�P�S�D�U�L�V�R�Q�V���W�H�V�W����
ns: not significant. (l-ApoBDs: large apoptotic bodies; s-ApoBDs: small apoptotic 
bodies) 

3.5 ApoBDs/macrophage uptake assay 

Our previous study proved that ApoBDs were primarily taken up by CD14 + 
monocytes in PBMC. And THP-1 differentiated macrophages are an excellent model 
for studying the uptake of ApoBDs [28]. In the present study, we also utilized the 
THP-1 differentiated macrophage model to study the uptake difference between l-
ApoBDs and s-ApoBDs. 1000 ng of both CFSE-labelled ApoBDs were incubated 
with 1x105 macrophages. The pictures were taken by fluorescence microscopy at 0, 
0.5h, 1h, 2h, 4h and 8h. After an 8-hour incubation, as shown in Figure 5A, the 
ApoBDs were stained in green CFSE the macrophagic nuclei were stained 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 shown representatively in Figure 5B. The results were shown in Figure 5C: 
the l-ApoBDs were rapidly and very significantly taken up by macrophages. Finally, 
to pursue an accurate fluorescent value, the macrophages, after incubation with the 
stained ApoBDs, were injected into the flow cytometer. The histograms were 
visualized as Figure 5D. The fluorescent values are shown in Figure 5E: As already 
demonstrated by fluorescence microscopy, the l-ApoBDs were rapidly and very 
significantly taken up by macrophages. Both assays showed rapid and significant 
uptake of ApoBDs. 
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Figure 5. ApoBDs/macrophage uptake assay . A. The immunocytochemistry staining 
picture of macrophages when incubating CFSE-stained ApoBDs for 8 hours. B. The 
dynamic immunocytochemistry staining picture of macrophages at multiple timepoints. 
C. The immunocytochemistry-stained internalized green fluorescence 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) of CFSE 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 two-�Z�D�\�� �$�1�2�9�$�� �Z�L�W�K�� �6�L�G�D�N�¶�V�� �P�X�O�W�L�S�O�H�� �F�R�P�S�D�U�L�V�R�Q�V��
test. ***: p<0.001. (l-ApoBDs: large apoptotic bodies; s-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 studied two incubation models, one in the presence and one in the 
absence of autologous splenocytes because splenocytes were rich in antigen-presenting 
cells which may mediate a more potent immunological reaction. The gating strategy of 
the mouse primary lymphocytes was shown in the supplementary material Figure 1C.   

As shown in Figure 6A, in the presence of the splenocytes, with the increasing dosage 
of both ApoBDs, the frequency of 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, the frequency of proliferated CD3+/CD8+ did not 
significantly change. When comparing l-ApoBDs and s-ApoBDs, l-ApoBDs were 
significantly more potent than s-ApoBDs in inhibiting the proliferation of murine CD3+ 
and CD3+/CD4+ T cells. However, both ApoBDs affected limitedly on CD3+/CD8+ T 
cells. In terms of the high dosage, as shown in Figure 6B, both ApoBDs significantly 
inhibited the proliferation of murine CD3+ and CD3+/CD4+ T cells when compared 
with the stimulated control group. The two subtypes of ApoBDs had statistically the 
same efficiency. Both high dosages of ApoBDs affected limitedly on CD3+/CD8+ T 
cells. 

In the absence of splenocytes, similarly, with the increasing dosage of both ApoBDs, 
the frequency of proliferated CD3+, CD3+/CD4+ and CD3+/CD8+ T cells decreased. 
However, the inhibitory effects led by both ApoBDs did not have significant statistical 
differences with each other as shown in Figure 6C. In Figure 6D, we compared the 
frequency of proliferated T cells in the stimulated control group and high dose of 
ApoBDs-treated groups. In the results, both 2000 ng of l-ApoBDs and s-ApoBDs 
inhibited the proliferation of mice CD3+, CD3+/CD4+ and CD3+/CD8+ T cells. These 
inhibitory effects led by l-ApoBDs and s-ApoBDs were statistically similar with 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 + and CD3+/CD8+ T cells when treated with 2000 ng 
ApoBDs. A-B 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. The percentage of proliferated mice CD3+, 
CD3+/CD4 + and CD3+/CD8+ T cells when treated with 2000 ng ApoBDs. C-D 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 two-�Z�D�\�� �$�1�2�9�$�� �Z�L�W�K�� �6�L�G�D�N�¶�V��
multiple comparisons test. B and D were analyzed by one-way analysis of variance with 
�7�X�N�H�\�¶�V multiple comparisons test. ns: not significant; *: p<0.05; **: p<0.01; ***: 
p<0.001. (l-ApoBDs: large apoptotic bodies; s-ApoBDs: small apoptotic bodies) 

 

Figure 7. The viability of mice primary immunocytes assay. A. The viability of mice 
primary lymphocytes (±autologous splenocytes) when treated with ApoBDs in a 
gradient concentration. H. The viability of mice primary lymphocytes (±autologous 
splenocytes) when treated with 2000 ng ApoBDs. All of the results consisted of three 
independent experiments. A was analyzed by analysis of two-�Z�D�\���$�1�2�9�$���Z�L�W�K���6�L�G�D�N�¶�V��
multiple comparisons test. B was analyzed by one-way analysis of variance with 
�7�X�N�H�\�¶�V�� �P�X�O�W�L�S�O�H�� �F�R�P�S�D�U�Lsons test. ns: not significant. (l-ApoBDs: large apoptotic 
bodies; s-ApoBDs: small apoptotic bodies) 

We finally tested the potential toxicity of both ApoBDs on mice primary lymphocytes. 
As displayed in Figure 7A, with the dosage increasing, both ApoBDs reduced the 
viability of mice lymphocytes in the absence of splenocytes, however,  in the presence 
of splenocytes, both ApoBDs hardly affected the viability of the mice lymphocytes. 
Despite the effects of both ApoBDs on splenocytes none of them were statistically 
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significant. When compared to the viability resulting from the highest dosage of the 
ApoBDs, as shown in Figure 7B, the ApoBDs did not lower the viability of mice 
lymphocytes statistically whether with or without the splenocytes. 

In all, human MSC-derived l-ApoBDs and s-ApoBDs can inhibit the proliferation of 
the murine primary lymphocytes with or without the addition of autologous splenocytes. 
The l-ApoBDs were more potent to inhibit the proliferation of mice CD3+ and 
CD3+/CD4+ T cells. And as for high dosage or without splenocytes, both ApoBDs 
worked similarly in inhibiting murine T cell proliferation. We conclude that, both 
ApoBDs were non-cytotoxic to the murine primary lymphocytes. 

4. Discussion 

In the present study, we isolated and extensively characterised two subpopulations of 
human bone marrow MSC-derived ApoBDs. Both ApoBDs expressed similar protein 
markers as their parental cells but they were distinct in size. Both ApoBDs can polarize 
human M1 macrophage to M2 phenotype and inhibit allogeneic T cell and mice primary 
lymphocyte proliferation. Interestingly, we found l-ApoBDs were stronger than s-
ApoBDs in immunomodulation such as inhibiting allogeneic CD3+/CD4+ and 
CD3+/CD8+ T cell proliferation, upregulating M2 macrophagic CD163 expression and 
inhibiting mice CD3+ and CD3+/CD4+ T cell proliferation. Also, l-ApoBDs can be 
phagocytosed by macrophages more rapidly compared to s-ApoBDs. At last, both 
ApoBDs were deemed non-cytotoxic due to minimal effects on the viability of the 
recipient cells. 

Compared to small EVs, the authors chose to study ApoBDs because: 1) MSCs were 
verified undergoing apoptosis after in-vivo infusion and apoptotic MSC would release 
ApoBDs; 2) MSC apoptosis was required for their therapeutic function including 
immunomodulation [24]; 3) ApoBDs were shown to have the same therapeutic effects 
as their parental non-apoptotic cells [19-22] and 4) MSC-derived ApoBDs were 
described as anti-inflammatory in many models [28-30]. 

In the present study, we found l-ApoBDs were stronger than s-ApoBDs in 
immunomodulation such as inhibiting allogeneic CD3+/CD4+ and CD3+/CD8+ T cell 
proliferation, upregulating M2 macrophagic CD163 expression and inhibiting mice 
CD3+ and CD3+/CD4+ T cell proliferation. One reason for the superior 
immunomodulatory capacity of l-ApoBDs could be because we show that l-ApoBDs 
are phagocytosed more rapidly compared to s-ApoBDs.  

The in-vitro cytotoxicity of staurosporine generated ApoBDs was investigated and 
demonstrated in this study because there is a concern about the use of staurosporine as 
ApoBD inducing agent. Staurosporine is an anti-cancer drug [45, 46] and its release 
from ApoBDs could have negative effect when these ApoBDs are considered for 
immunomodulatory therapy. In fact, the cytotoxicity of ApoBDs was already discussed 
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in the literature. Some researchers utilized ultra-violet (UV) light instead to induce 
apoptosis [47], in order to prevent the influence of staurosporine. However, the 
apoptosis-inducing efficiency of UV light varies, so the apoptotic cell frequency was 
not as stable as with the staurosporine-induced. In all, we verified that staurosporine is 
not toxic to both human and mouse T cells and macrophages and is a non-cytotoxic and 
highly efficient agent for preparing ApoBDs. 

The present study included multiple T cell proliferation assays with both human 
PBMCs and mice lymphocytes because T cell proliferation is regarded as the gold 
standard to prove the immunomodulatory capacity. In the study, we analysed total T 
cells (CD3+) and two subtypes of T cells (CD4+ and CD8+). As for inhibiting 
human/murine CD3+/CD8+ positive T cell proliferation, both ApoBDs showed a more 
limited effect than for CD3+ and CD3+/CD4+ T cells at least in value. We speculated 
this is due to the limited effect 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+/CD4+ . In terms of murine T cell proliferation, 
two models were applied depending on whether autologous splenocytes were added or 
not because of the presence of antigen-presenting cells in the spleen. We found, that 
either with or without autologous splenocytes, the ApoBDs can significantly inhibit the 
proliferation of mice T cell proliferation. 

In conclusion, we have comprehensively demonstrated the in-vitro immunomodulatory 
capacity of MSC-derived ApoBDs. Future experiments will include the therapeutic 
efficacy of ApoBD is pre-clinical models such as ocular disease and inflammation 
models to verify whether the ApoBDs are therapeutic and if there is any difference 
between l-ApoBDs and s-ApoBDs 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 therapeutic effects, the preparation process 
must also be taken into account. In general, centrifugation at 3000g is safer and more 
accessible compared to 16000g. If the effects of l-ApoBDs are clearly stronger than 
those of s-ApoBDs, and their preparation is simpler, then l-ApoBDs are more suitable 
for practical applications. 
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6.1 Supplementary material Table. Details of the used antibodies 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 marker (negative) 
antigen fluorochrome corporation 
HLA-DR Pacific Blue�Œ Biolegend 
CD11b FITC Biolegend 
PD-L1 PerCP/Cyanine5.5 Biolegend 

 
Human T 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 CFSE-stained ApoBDs. Representative results of three 

independent experiments analyzed by two-tailed unpaired t-test. ***: po#0.001. 
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6.3 Instruction of mesenchymal stromal cell, peripheral blood mononuclear cell, 
mice lymphocyte in each assay. 

Mesenchymal stromal cell (MSC): donor A-C 
Peripheral blood mononuclear cell (PBMC): donor 1-3 
Mice immunocyte: donor I-VI  
Assay Location Cell Incubation 
Apoptotic body 
(ApoBD) 
characterization 

Figure 
1-2 

MSC Donor A-C 

PBMC/ ApoBDs Figure 3 
MSC Donor A + Donor 1; 

Donor B + Donor 2; 
Donor C + Donor 3; PBMC 

Macrophage/ 
ApoBDs 

Figure 
4-5 

MSC 
Donor A + macrophage cell line; 
Donor B + macrophage cell line; 
Donor C + macrophage cell line; 

Mice primary 
lyphanocytes/ 
ApoBDs 

Figure 
6-7 

MSC 
Figure 5A-B: Donor A + Donor I;  
Donor B + Donor II; 
Donor C + Donor III 
Figure 5C-D: Donor A+ Donor IV; 
Donor B + Donor V; 
Donor C + Donor VI 
Figure 6: Donor A + Donor I;  
Donor B + Donor II; 
Donor C + Donor III 

Mice 
immunocyte 
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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 to the earlier discussions. 

There are three main findings in this thesis: 

1) Licensed Effect: We focused on comparing the licensing effects of IFN-�����D�Q�G���7�*�)-

�������� �:�K�L�O�H�� �,�)�1-���� �O�L�F�H�Q�V�L�Q�J�� �K�D�V�� �E�H�H�Q�� �H�[�W�H�Q�V�L�Y�H�O�\�� �V�W�X�G�L�H�G���� �R�X�U�� �I�L�Q�G�L�Q�J�V�� �V�K�R�Z�� �W�K�D�W��

TGF-�������O�L�F�H�Q�V�L�Q�J���L�Q�F�U�H�D�V�H�V���W�K�H���S�U�R�S�R�U�W�L�R�Q���R�I��regulatory T cells in lymphocytes and 

reduces the secretion of inflammatory cytokines from M1 macrophages.  

2) Potency assay: This 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 most sensitive 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, we would 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 a crucial role in immunological reactions, and their frequency and 

status can significantly influence the overall immune balance. 
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Secondly, I 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 anti-inflammatory cascade reactions, such as inhibiting T cell 

proliferation [3] and expanding regulatory T cells [4]. 

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 particle number [5], 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 also FDA-approved 

market products. It has been reported that Fc-fused PD-L1 nanoparticles can alleviate 

acute and chronic colitis [7]. However, I believe the immunomodulation mediated by 

apoptotic bodies extends beyond PD-L1. Other components, such as surface 

phosphatidylserine [8, 9] and intralayer cytokines [8], including potential IL -10 [10] 

and TGF-qg1 [11], may also play significant roles. Deeper exploration could reveal the 

critical functions of apoptotic body-mediated immunomodulation. Currently, numerous 

engineered vesicles [12], including apoptotic bodies, combine natural vesicles and 

artificial nanoparticles. These engineered vesicles exhibit tailored properties [13], 

enhanced targeting [14, 15], and improved stability [12]. I 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 naïve 

and licensed MSCs, including their size-based subpopulations. The key findings are 

summarized as follows: 

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

immune responses. TGF-qg1 licensing enhances the ability of MSCs to induce T cells 

with an immunosuppressive phenotype, while IFN- qh licensing strengthens the 

inhibitory effect of MSCs on T cell proliferation. Both TGF-qg1 and IFN-qh licensing 

enhance the MSCsp  ability to reduce the expression of pro-inflammatory cytokines in 

M1 macrophage-like THP-1 cells. Notably, IFN- qh upregulates potential potency 

markers such as extracellular complement 1 subcomponent, kynurenine, and 

intracellular interferon-induced GTP-binding protein Mx2. These three molecules may 

serve as indicators of the immunomodulatory potency of MSCs. 

Secondly, we found that apoptotic bodies derived from both naïve 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 body-based 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 

apoptotic bodies, 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 IFN-��-licensed MSCs 

would exhibit greater immunomodulatory potential than those from naïve MSCs. 

However, this was not observed. Instead, we identified a subpopulation of apoptotic 

bodies based on 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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