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Abstract: Mesenchymal stromal cells (MSCs) are tissue-derived progenitor cells with immunomodu-
latory as well as multilineage differentiation capacities, and have been widely applied as cellular
therapeutics in different disease systems in both preclinical models and clinical studies. Although
many studies have applied MSCs in different types of allotransplantation, the efficacy varies. It has
been demonstrated that preconditioning MSCs prior to in vivo administration may enhance their
efficacy. In the field of organ/tissue allotransplantation, many recent studies have shown that pre-
conditioning of MSCs with (1) pretreatment with bioactive factors or reagents such as cytokines,
or (2) specific gene transfection, could prolong allotransplant survival and improve allotransplant
function. Herein, we review these preconditioning strategies and discuss potential directions for
further improvement.
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1. Introduction

The allotransplantation of the corresponding organ or tissue(s) has become a powerful
therapeutic strategy for patients with terminal illness or severe defects in form or function.
However, the immunological barrier between the donor and the recipient is difficult to
concur. Currently, the long-term success of allotransplantation mainly relies on the constant
intake of immunosuppressant drugs; however, along with their benefits in preventing
rejection, immunosuppressant drugs may result in potentially serious adverse effects,
such as drug toxicities, opportunistic infections, and potentially fatal malignancies [1]. To
minimize these adverse effects, alternative or adjunctive strategies are being explored. To
this end, the application of cellular therapeutics with immunomodulatory properties has
attracted much attention.

It was summarized that the characteristics of suitable cellular therapeutics include
their (1) potential to be acquired in appropriate therapeutic amount by harvesting from
the donor source, or in vitro expansion, (2) capability to survive the cryopreservation
condition, and (3) safe route of administration [2]. Allogenecity should be considered if the
cells are derived from sources other than the recipient origins [2]. Mesenchymal stromal
cells (MSCs) meet all of these criteria and have great promise for application as cellular
therapeutics.

MSCs are heterogeneous progenitor cells that exhibit the potential of self-renewal and
multilineage differentiation. According to the International Society for Cell and Gene Ther-
apy (ISCT), the criteria of MSCs include plastic adherence, positive expression of specific
cluster of differentiation (CD) molecules CD73, CD90, and CD105, negative expression of
hematopoietic and endothelial markers and human leukocyte antigen DR (HLA-DR), and
in vitro differentiation capacities into adipocyte, chondrocyte, and osteoblast lineages [3].
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Although first identified in bone marrow in 1968, MSCs are now known to exist in essen-
tially all kinds of tissues [4], and the tissue source influences the properties of these cells [5].
The ISCT recommends that the tissue source be affixed to the MSCs; for example, BM-MSCs
and AD-MSCs represent MSCs isolated from the bone marrow (BM) and adipose tissue,
respectively [3].

In vivo and in vitro studies have demonstrated the potent immunomodulatory ca-
pacities of MSCs toward several immune cell populations [6]. For example, MSCs are
shown to suppress the proliferation of effector T (Teff), B, and natural killer (NK) cells,
whereas they promote the production of regulatory T cell (Treg) and differentiation of
the regulatory-type M2 macrophages. MSCs also affect the differentiation of dendritic
cells (DCs) to their tolerogenic phenotype, which have the properties of lower antigenicity,
higher production of IL-10, and lower secretion of IL-12. MSCs may exert their functions
through cell–cell contact or, as trophic mediators, by secreting bioactive factors that have
immunoregulatory or anti-inflammatory functions, such as prostaglandin E2 (PGE2) and
indoamine-2, 3-dioxygenase (IDO), heme oxygenase-1 (HO-1), interleukin-10 (IL-10), and
transforming growth factor beta (TGF-β) [7].

Through their pro-angiogenesis and anti-apoptotic properties, MSCs enhance tis-
sue repair by secreting factors such as vascular endothelial growth factor, hepatocyte
growth factor (HGF), and angiopoietin-1, and by activating the prosurvival Akt signal-
ing pathway [8]. Furthermore, MSCs may respond to mitochondrial damage-associated
molecular patterns (DAMPs) in an inflammatory environment by transferring mitochon-
dria to damaged cells for tissue repair [9]. It is also demonstrated recently that MSCs
may modulate the CD4+ T cells and Tregs through direct mitochondria transfer [10,11].
Allotransplantation inherently elicits ischemia–reperfusion injuries during surgery and
alloantigen-induced immune responses including proliferation of lymphocytes and secre-
tion of cytokines. The above-mentioned characteristics of MSCs make them ideal cellular
therapeutics for allotransplantation.

2. MSCs in Allotransplantation and Limitations

MSCs have been applied in various forms of organ and tissue allotransplantation.
In animal studies, MSCs induced donor-specific tolerance in organ and vascularized
composite allotransplantation (VCA) [12–14]. Over the past 10 years, many clinical studies
have been performed on the application of MSCs in organ transplantation patients. Due to
variations in the sources, doses, administration routes, timing, and frequencies of MSCs
and the accompanied immunosuppression regimen, a definite conclusion on the benefits of
MSCs in allotransplantation is yet to be achieved. For example, several studies have shown
that the infusion of MSCs to transplantation recipients is safe [15–17]; however, engraftment
syndrome and up to 50% opportunistic infection have also been reported [18,19]. Some
studies did not report significant improvements in acute rejection occurrence and graft
function after MSC administration [16,20]. On the other hand, Tan et al. reported that MSC
administration enabled lower dose of calcineurin inhibitor (CNI) immunosuppressants,
without compromising graft function or acute rejection occurrence [21]. Reinders et al.
recently demonstrated that MSCs infused at 6 and 7 weeks after kidney transplantation
allowed the withdrawal of tacrolimus without deterioration in graft function or increase in
rejection rates [22]. Although these data provided a great promise for the application of
MSCs as cellular therapeutics to improve the allotransplantation outcomes, discrepancies
between studies imply the scope for optimization, which can be considered in the process
of MSC preparation and administration.

Generally, MSCs are isolated from tissues by enzymatic digestion and selection, fol-
lowed by growth in rich cell culture media and proliferation before administration back
into the in vivo environment. The in vivo environment is different from the in vitro culture
condition, in terms of its lower oxygen supply and associated proinflammatory milieu
frequently. Such environment may cause stress to the MSCs. For example, it was estimated
that <1% MSCs survived for 4 days after intracardiac injection [23]. Furthermore, with
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the most common intravenous (IV) administration, imaging studies revealed that >80%
MSCs accumulated in the lung vasculature within minutes after infusion, followed by
their appearance in the liver and spleen [24]. The MSC-derived signal had a half-life of
24 hours and disappeared within days [25]. In the meantime, only a small proportion of
cells responded to chemotaxis signals released by the tissues and migrated to the target
destination through mechanisms similar to leukocyte migration mediated by integrins
and adhesion molecules [26]. Another aspect less discussed is the metabolic state of the
MSCs. In quiescence (such as in the bone marrow), MSCs are majorly glycolytic with
active mitophagy and autophagy. When MSCs grow in nutrient-rich culture conditions for
expansion, they shift to rely on oxidative phosphorylation for rapid proliferation. Many
cytotoxic byproducts such as reactive oxygen species (ROS) and senescent cells are then
generated, and consequentially affect the therapeutic efficacy [27]. Thus, the therapeutic
efficacy of MSCs can be potentially enhanced by extending MSC survival, controlling MSC
metabolism, and facilitating MSC homing within the recipient body.

3. Improving MSC Efficacy by Preconditioning

Over the years, preconditioning MSC before in vivo administration has been per-
formed to improve efficacy of MSC therapy. For example, Mangi et al. demonstrated
that BM-MSCs transfected with the prosurvival gene Akt1 showed lower apoptosis rate
and higher degree of tissue retention following their transplantation into ischemic my-
ocardium; Akt1-transfected MSCs also showed significantly better efficacy to reduce in-
farct volume and restore the cardiac function than their non-transfected counterparts [28].
Many preconditioning strategies, including modification of physical environment, chemi-
cal/pharmaceutical reagents, biological factors, and gene manipulation, have been applied
to MSCs; these strategies affect MSCs in various aspects [29,30] (Figure 1). In consequence,
preconditioned MSCs have shown improved therapeutic efficacy in different disease mod-
els, such as myocardial infarction [31], brain injury [32], colitis [33], and graft-versus host
disease [34].
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Incorporating preconditioned MSCs, outcome of the organ/tissue allotransplants, in-
cluding the heart, liver, intestine, and kidney organ, as well as corneal, skin, and composite
tissues such as hindlimb (a form of VCA) can be improved (Table 1). Herein we will review
these recent studies of preconditioned MSCs applied in organ/tissue allotransplantation.
By doing so, we hope to find the critical factor(s) that affect the MSC efficacy and then ac-
quire strategies to further promote allotransplant survival, reduce the reliance of traditional
immunosuppressants, and hopefully induce donor-specific tolerance. The preconditioning
strategies currently applied in transplantation studies can be roughly divided into pretreat-
ment by reagents/biological factors and by gene transfection and will be discussed below.
For clarification purposes, in this report, the MSCs are labeled by the pretreatment reagent
to the right and the transfected genes to the left; for example, Akt1-MSC and MSCIL-17

represent Akt1-transfected and IL-17-pretreated MSCs, respectively.

3.1. Pretreatment
3.1.1. Cytokines IFN-γ, TNF-α, IL-1β, IL-17, TGF-β

The immunomodulatory capacity of MSCs could be enhanced upon exposure to
proinflammatory cytokines such as interferon gamma (IFN-γ) or IL-1β [30,35]. Murphy
et al. demonstrated that MSCs pretreated with proinflammatory cytokines tumor necrosis
factor alpha (TNF-α) and IL-1β significantly suppressed T cell proliferation induced by
anti-CD3/CD28, mainly through nitric oxide (NO) and PGE2 [36]. When applied to corneal
allotransplantation, MSCsTNF-α/IL-1β and untreated MSCs prolonged allograft survival in
70% and 50% recipients, respectively. These effects were associated with the production of
NO by the MSCsTNF-α/IL-1β because the transfection of iNOS shRNA to MSCsTNF-α/IL-1β

abolished the benefits on allotransplant survival. Furthermore, MSCsTNF-α/IL-1β, instead
of MSCs, induced persistent elevation of CD4+CD25+FoxP3+ Tregs in the lung and spleen
distant from the transplant. IV-infused MSCsTNF-α/IL-1β induced regulatory myeloid
CD11b+MHC II+B220+ cells (MHC stands for major histocompatibility complex) in the
lung, which highly induced PGE2 and further promoted Treg generation. These data sug-
gest that compared with untreated MSCs, MSCsTNF-α/IL-1β instructed a more potent im-
munomodulatory function. Similarly, compared with untreated BM-MSCs, BM-MSCsIFN-γ

exhibited potentiated suppression in T cell proliferation and also significantly prolonged
VCA survival with elevated spleen Treg levels. In this system, IFN-γ exerted its function
through enhancing programmed death-ligand 1 (PD-L1) expression, and the effects of
BM-MSCIFN-γ were offset by the PD-L1 antibody. Interestingly, the response of BM-MSCs
to IFN-γ was in a bell shape, such that 10 ng/mL showed the best efficacy within the
test concentration range of 5–30 ng/mL [37]. Ma et al. demonstrated that IL-17 pretreat-
ment to BM-MSCs significantly prolonged grafted alloskin survival. Analysis on POD
7 demonstrated that IL-17 pretreatment promoted the homing of more MSCs to the al-
lograft, accompanied by less proinflammatory cell infiltration and more angiogenesis.
Consequently, elevation of Treg in the spleen and increased IL-10 and TGF-β levels in the
circulation were observed [38].

Anti-inflammatory TGF-β has also been used as a pretreatment of MSCs, with the
capacity of auto-induction to secrete of TGF-β1 and TGF-β2 by MSCs, in addition to the
expression of the TGF-β receptor isoform TβRIIA [39]. Lynch et al. reported that murine
BM-MSCsTGF-β expressed higher levels of CD73 and lower levels of stem cell antigen-1
(SCA-1) and MHC I. BM-MSCTGF-β suppressed T lymphocyte proliferation and enhanced
Treg expansion through cell–cell contact and interaction of PGE2-EP4; compared with
untreated MSCs, they also showed increased production of PGE2, secreted forms of TNF
receptor, and had lower levels of TNF-α, IFN-γ, and IL-6. When applied to murine corneal
allotransplantation, BM-MSCsTGF-β significantly prolonged allograft survival compared
with untreated MSCs. They also significantly reduced CD4+ and CD8+ effector T cells in
draining lymph nodes (DLN) and increased Tregs in DLN and the lung. Furthermore,
the frequency of and expression of costimulatory molecules of DCs were suppressed [40].
The data did not support TGF-β auto-induction as the major mechanism of the benefits
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provided by BM-MSCTGF-β, suggesting different doses of TGF-β (3 ng/mL vs. 50 ng/mL)
and cell origin (human AD-MSC vs. mice BM-MSC) had impacts on the downstream effects
that TGF-β may inflict on MSCs.

3.1.2. Toll-Like Receptor, TLR3 Agonist Poly(I:C)

Toll-like receptors (TLRs) contribute to the innate immune system by interacting with
pathogen- or damage-associated molecular patterns. Activation of TLR3 and TLR4 can po-
larize MSCs to their anti- and proinflammatory subtypes MSC2 and MSC1, respectively [41].
Treatment of AD-MSCs with the TLR3 agonist poly(I:C) enhanced their suppressive po-
tential against CD4+ cell proliferation in vitro. Poly(I:C) specifically increased the gene
and protein expression of the Treg target molecule fibronectin-like protein 2 (Fgl2), rather
than PGE2 or IL-10, suggesting that Fgl2 is the main effector. Infusion of AD-MSCspoly(I:C)

promoted heterotopic cardiac allograft survival, which was accompanied by elevation of
CD4+FoxP3+ Treg in the spleen on POD 4. Both in vitro and in vivo data suggested that
AD-MSCpoly(I:C) exerted the immunomodulatory effects through Tregs. Histological studies
of the transplanted heart also supported the protective effects of AD-MSCspoly(I:C). No
additive effects of poly(I:C) and the TLR4 antagonist TAK242 on AD-MSCs were reported
in this study [42].

3.1.3. Erythropoietin

Erythropoietin (EPO) regulates the growth and differentiation of the erythroid progen-
itor cells by binding to the EPO receptor and has been widely used to treat kidney injury.
EPO also demonstrated its immunomodulatory effects by promoting Treg generation and
production of TGF-β by the APCs [43]. Infusion of EPO-pretreated BM-MSCs in renal
transplant recipients resulted in improved renal function and significant decrease in the
IFN-γ/IL-4 ratio in the transplanted renal tissue. The effects of EPO in promoting BM-MSC
survival and migratory capability through upregulated C-X-C chemokine receptor type 4
(CXCR4) expression may be relevant [44].

3.2. Gene Transfection
3.2.1. Anti-inflammatory Cytokine: TGF-β1, IL-10

IL-10 is a well-known anti-inflammatory cytokine, whose elevation was reported
to affiliate with regulatory subtypes within T and B cells and macrophages (Treg, Breg,
and Mreg, respectively). Both systemically [45] and locally [46] infused IL-10-BM-MSCs
significantly prolonged allograft survival compared with MSCs. The IV-infused IL-10-BM-
MSCs migrated to the transplanted liver within 24 hours and could be retained for 7 days.
Intragraft increase of Foxp3 and decrease of retinoic acid receptor-related orphan nuclear
receptor gamma (ROR-γt) were observed after POD 5, along with the elevation of IL-10
and TGF-β1 and decrease in IL-6, TNF-α, IFN-γ, IL-23, and IL-17 levels, suggesting that
the modulation of Treg/Th17 axis occurred [45]. In the cornea transplantation system,
subconjunctival injected IL-10-BM-MSCs resided around the injection site for at least
10 days. Less graft-infiltrated CD4+ and CD68+ cells and more Tregs in DLN were identified
in recipients treated with IL-10-BM-MSCs. IL-10-BM-MSCs also upregulated long non-
coding RNA (lncRNA) 003946 expression in CD68+ macrophages of the grafted cornea,
reduced the antigen presentation capacity of macrophages, and suppressed alloimmune
responses [46].

Tang et al. reported that TGF-β1-BM-MSCs induced the conversion of CD4+CD25-

cells to Tregs in vitro. Through portal vein infusion, TGF-β1-BM-MSCs prolonged the
survival of transplanted liver and alleviated the severity of rejection. They promoted a
local immunosuppressive microenvironment in the graft by reducing the expression of IL-6,
IL-1β, TNF-α, and IFN-γ and enhancing the expression of IL-10 by POD 7. The concurrent
generation of Helios-FoxP3+ iTregs and reduction in Th17 cells contributed to prolonged
allograft survival [47].
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3.2.2. Anti-inflammatory Mediator: IDO, HO-1, HGF

MSCs exert their immunomodulatory functions partially through the production of
protein factors, such as IDO, which depletes tryptophan in the local environment and
blocks lymphocyte proliferation. In vitro studies showed that IDO-BM-MSCs induced Treg
generation with higher expression of coinhibitory cytotoxic T-lymphocyte-associated pro-
tein 4 (CTLA-4), suppressed CD4+CD25− effector T cell proliferation, and downregulated
the expression of costimulatory molecules in cocultured DCs [48,49]. Following in vivo ad-
ministration, IDO-BM-MSCs promoted donor-specific tolerance in kidney transplantation
recipients and improved allograft function and structural integrity [49]. IDO-BM-MSCs
exerted their effects through elevation of Tregs and anti-inflammatory IL-10 and TGF-β in
the circulation, rather than through the production of PGE2.

HO-1 plays a critical role in metabolizing the cell-free form of heme, which is released
during cell apoptosis and tissue damage. Thus, HO-1 exerts its protective activity in
different disease settings such as ischemia–reperfusion injury and graft versus host dis-
ease [50]. It is also an immunomodulatory mediator that MSCs produce and employ [51].
HO-1-BM-MSCs were applied to transplantation of liver [52,53] and small bowel [54] with
superior efficacy to prolong transplant survival, improve transplant function, and amelio-
rate rejection manifestation than the untransfected BM-MSCs. The beneficiary effects of
HO-1-BM-MSC were associated with increased production of Treg in the spleen and lower
levels of proinflammatory cytokines in serum. Moreover, suppression of NK cell activity
and viability in the recipient spleen was observed.

HGF was originally identified as a mitogenic factor of hepatocytes and later charac-
terized with proangiogenic, anti-apoptotic, and immunomodulatory capacities [55]. HGF
was recently found to participate in the immunomodulatory effects exerted by MSCs,
such as regulating the Treg/Th17 balance, inducing regulatory DCs, and reducing antigen
presentation capacity of DCs through their paracrine actions [56,57]. HGF-MSCs were
demonstrated to exhibit potent anti-apoptotic and proangiogenesis capacities [58]. Bian
et al. demonstrated that HGF-BM-MSCs significantly prolonged the survival of allografted
skin. However, they were not superior to BM-MSCs in suppressing lymphocyte prolif-
eration. The authors suggested that the reparative properties of HGF-MSCs may have
contributed to prolonged alloskin survival [59].

3.2.3. Signal 2 for T Cell Activation: OX40Ig, PD-L1Ig

Complete activation of T cells requires three signals: antigen recognition (Signal 1),
co-stimulation (Signal 2), and cytokine priming (Signal 3). Signal 2 is mediated by various
pathways and could be either stimulatory or inhibitory to T cell activation. Manipulation
of co-stimulation pathways (i.e., costimulatory blockade) by anti-CD40L, PD-L1Ig, and
OX-40Ig was effective in promoting allotransplant survival and inducing donor-specific
tolerance [60]. The combination of the immunomodulatory function of MSCs and costimu-
latory blockade by transfecting MSCs with PD-L1Ig or OX-40Ig potentiated the suppression
of T cell proliferation in vitro. OX-40Ig-AD-MSCs ameliorated transplanted renal damage
with lower serum creatine level and slightly prolonged the survival of the transplanted
kidney. Furthermore, decreased expression of IFN-γ and increased expression of IL-10,
TGF-β, and FoxP3 were observed within the graft [61]. Similarly, PD-L1Ig-BM-MSCs
significantly improved the function of the transplanted liver and significantly prolonged
allograft survival [62].

3.2.4. Treg and Treg Effector: FoxP3, sFgl2, IL-35

Many of the above-mentioned gene-modified MSCs exerted their effects at least
partially by promoting Treg generation. Transfection of BM-MSCs with Treg-specific FoxP3
further enhanced the production of Treg when cocultured with CD4+ T cells. FoxP3-BM-
MSC suppressed alloantigen-induced CD4+ T cell proliferation through cell–cell contact
and enhanced PD-L1 expression. FoxP3-BM-MSC administration in liver transplantation
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recipients induced donor-specific tolerance, which was abolished by Treg depletion by the
CD25 antibody [63].

Tregs may exert immunosuppressive functions by secreting protein factors, such as
IL-35 and soluble form of Fgl2 (sFgl2) [64]. IL-35 inhibits the production of Th1 and Th17
and converts naïve T cells to IL-35-secreting Tregs [65]. Infusion of IL-35-AD-MSCs in
cardiac transplantation recipients significantly prolonged allograft survival, in addition to
suppressing the production of Th17 within the grafted heart and spleen. Lower Th1/Th2
ratio and increased production of CD4+FoxP3+ Treg were also noted in the spleen [66].

Overexpression of sFgl2 promoted liver transplant survival by promoting M2 polar-
ization of Kupffer cells [67]. Similarly, sFgl2-AD-MSCs promoted M2 polarization in vitro,
especially in a proinflammatory environment with IFN-γ/lipopolysaccharide (LPS) treat-
ment, through the inhibition of the signal transducer and activator of transcription 1 (STAT1)
and nuclear factor-κB (NF-κB) pathways. sFgl2-AD-MSCs migrated to the transplant when
administered to cardiac transplantation recipients and led to a higher intragraft M2/M1
ratio in infiltrated macrophages. M2 polarization was maintained in the spleen along
with elevation of Tregs. In serum, decreased IFN-γ, TNF-α, IL-1β, IL-6, and IL-12 levels
and increased IL-4, IL-10, and TGF-β1 levels were observed in sFgl2-AD-MSCs-treated
recipients on POD 7 and 14 [68].

3.2.5. Chemokine Receptor: CCR7, CXCR4, CXCR3

Interaction between chemokines and cognate receptors is critical for cell trafficking
and homing to specific action sites. C-C motif chemokine receptor 7 (CCR7) binds to its
ligand secondary lymphoid organ (SLO) ligand (SCL) and directs the transmigration of
CCR7-expressing cells to the SLO, where naïve T cells encounter antigens presented by
APCs. Following infusion to the VCA recipient, CCR7-AD-MSCs migrated to the T cell
aggregation area in SLO and significantly delayed rejection. Alterations in the Th1/Th2
and Th17/Treg ratios in SLOs and plasma cytokine levels were observed from POD 3 [69].

The CXCR4 ligand SDF-1 is expressed abundantly in inflammatory or injured tissues,
where CXCR4-MSCs are expected to migrate to. Following infusion to the kidney transplant
recipients, CXCR4-MSCs were found in the transplanted kidney on POD 3, which led to
improved renal function and intense FoxP3 immunostaining in the renal interstitium [70].
However, the effects on allograft survival were not reported.

Similarly, CXCR3-MSCs were hypothesized to migrate to the injury or rejection sites
where the CXCR3 ligands, MIG, IP-10, and I-TAC, were abundantly expressed. Yin et al.
constructed and administered CXCR3/HO-1-BM-MSCs in small intestine transplantation
recipients. BM-MSCs appeared in the transplant on POD 1, with increased intragraft expres-
sion of CXCR3 and HO-1. Less intragraft apoptotic cells and lower NK cell activity were
observed, accompanied by elevation of spleen Tregs. CXCR3/HO-1-BM-MSCs significantly
prolonged allotransplant survival compared with HO-1-BM-MSCs and BM-MSCs alone
due to the dual effects of MSC homing by CXCR3 and cytoprotection/immunomodulation
by HO-1 [71].

Table 1. Summary of preconditioned MSCs applied in organ/tissue allotransplantation.

Year
[Ref] Species Donor

_Recipient
Allotransplant

_Specifics

MSC
Origin_Tissue

Souce @

Preconditioning
Reagent_Duration

MSC Dose
(Timing, POD) &

Administration
Route

Allotransplant
Survival

(Preconditioned MSCs
vs. MSCs) (Days) #

Pretreatment

2019 [36] Rat DA_LEW corneal Syn_BM TNF-α and
IL-1β_72 hr 1 × 106 (1, 7) IV_tail no SD

2019 [37] Rat BN_LEW VCA_hindlimb Allo_BM IFN-γ_24 hr 2 × 106 (0) IV_tail 15 vs. 10
2018 [38] Mouse Balb/c_C57BL/6 skin Allo_BM IL-17_5 days NS (0) IV_tail 19.2 vs. 15.8
2020 [40] Mouse C57BL/6_Balb/c corneal Syn_BM TGF-β_72 hr 1 × 106 (1, 7) IV_tail 34.3 vs. 20.4
2020 [42] Mouse Balb/c_C57BL/6 heart Syn_AD poly(I:C)_1 hr 5 × 105 (1) IV_caudal 12.3 vs. 10.2
2018 [44] Rat Wistar_SD kidney Syn_BM EPO_48 hr 1 × 106 (0) IV_caudal no SD
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Table 1. Cont.

Year
[Ref] Species Donor

_Recipient
Allotransplant

_Specifics

MSC
Origin_Tissue

Souce @

Preconditioning
Reagent_Duration

MSC Dose
(Timing, POD) &

Administration
Route

Allotransplant
Survival

(Preconditioned MSCs
vs. MSCs) (Days) #

Gene Transfection

2014 [45] Rat DA_LEW liver Allo_BM IL-10 2.5 × 105 (0) IV_jagular 76 vs. 66
2020 [46] Rat Wistar_LEW corneal Allo_BM IL-10 2 × 106 (0) subconjunctival 28 vs. 12
2016 [47] Rat DA_LEW liver Syn_BM hTGF-β1 5 × 106 (0) IV_protal 110 vs. 56.3
2020 [48] Rat Wistar_SD heart Syn_BM IDO 1 × 106 (2) IV SD

2015 [49] Rabbit
New

Zealand_Japanese
White

kidney Allo_BM IDO 2 × 106/Kg (0) IV 62.8 vs. 16

2017 [52] Rat LEW_BN liver_50%
reduced size Syn_BM HO-1 1 × 107 (0) IV_penile 38 vs. 25

2016 [53] Rat LEW_BN liver Syn_BM HO-1 5 × 106 (0) IV_penile 77 vs. 61
2016 [54] Rat BN_LEW intestine Syn_BM HO-1 1 × 106 (0) IV_penile 24 vs. 15
2009 [59] Mouse C57BL/6_Balb/c skin Allo_BM hHGF 1 × 106 (0) IV 16.73 vs. 14.27
2017 [61] Rat BN_LEW kidney Syn_AD OX40Ig 2 × 106 (−4) IV_penile 14.2 vs. 10.2
2018 [62] Rat Wistar_SD liver Syn_BM PD-L1Ig NS (0) IV_protal 100 vs. 23.4
2015 [63] Rat LEW_ACI liver Allo_BM FoxP3 2.5 × 106 (0) IV_portal >100 vs. 21
2019 [66] Mouse Balb/c_C57BL/6 heart Syn_AD IL-35 1 × 106 (1) IV_caudal 17.5 vs. 10.67
2020 [68] Mouse Balb/c_C57BL/6 heart Syn_AD sFgl2 1 × 106 (1) IV 52 vs. 15.3

2019 [69] Rat BN_LEW VCA_ inferior
epigastric flap Xeno(human)_AD CCR7 2 × 106 (−1) IV_tail 14.38 vs. 7.75

2013 [70] Rat Wistar_SD kidney Syn_BM CXCR4 2 × 106 (1) IV NR
2017 [71] Rat BN_LEW intestine Syn_BM CXCR3/HO-1 5 × 106 (−7) IV 53 vs. 26

@: Allo, Syn: MSCs isolated from donor, recipient strain, respectively; Xeno: MSCs derived from xenogenic origin; BM: bone marrow;
AD: adipose tissue; &: NS: not specified; #: SD: significant differences; NR: not reported, all other data showed statistically significant differences.

4. Discussion

Based on the reports summarized above, most types of preconditioned MSCs signif-
icantly prolonged allotransplant survival, but the effects varied. Preconditioned MSCs
may affect allotransplantation outcomes by modulating cytokines, Tregs, Th1/Th2/Th17
cells, DCs, NK cells, and macrophages (Figure 2). Among these, the increase in Tregs and
anti-inflammatory cytokines IL-10 and TGF-β was the most observed. When the reports
on the same transplant are grouped together (Table 2), we find that besides the charac-
teristics of the transplant, homing of the preconditioned MSCs is an important factor. As
shown in Tables 1 and 2, IV administration was the most chosen route for MSCs. However,
while portal vein infusion directed MSCs to the liver, other forms of IV administration
led to accumulation of MSC in the lung capillary bed due to their large cell size [24,72],
and only a small proportion of cells was migrated to tissues. Promoting the cell homing
to transplant would help to improve the transplantation outcome. For example, portal
vein-administered preconditioned MSCs had better efficacy in promoting liver transplant
survival and even induced donor-specific tolerance [63], in comparison with the cells
that were administered systemically. Furthermore, He et al. administered superparam-
agnetic iron oxide-labeled IDO-BM-MSCs to the recipients with a magnet on their back
and observed the cells migrated to the graft, which may also contribute to the significant
improvement of transplanted kidney survival and the induced donor-specific tolerance [49].
Transfection of the chemokine receptor genes helped in targeted migration of MSCs to the
SLOs or the transplants and exerted immunomodulatory functions. Yin et al. showed the
superiority of CXCR3/HO-1-BM-MSCs to HO-1-BM-MSCs in promoting allograft survival,
suppressing NK activity, reducing apoptosis and proinflammatory cytokines, and inducing
Treg generation and anti-inflammatory cytokines. Furthermore, induced expression of
CXCR4 and higher intragraft levels of MSCs resulted from certain preconditioning treat-
ments, such as EPO pretreatment and TGF-β1 transfection [44,47]. These data support the
notion that facilitating MSC homing would be beneficial for allotransplantation outcomes.
Practically, the approach to transfect two genes and simultaneously targeted MSC homing
and immunomodulation provides great potential.
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Table 2. Preconditioned MSCs applied in organ/tissue allotransplantation, grouped by transplant type.

Year [Ref] Species Allotransplant
_Specifics

MSC
Origin_Tissue

Souce @

Preconditioning
Reagent_Duration

MSC Dose
(Timing, POD) &

Administration
Route

Allotransplant Survival
(Preconditioned MSCs vs.

MSCs) (Days) #

2017 [52] Rat liver_50%
reduced size Syn_BM HO-1 1 × 107 (0) IV_penile 38 vs. 25

2016 [53] Rat liver Syn_BM HO-1 5 × 106 (0) IV_penile 77 vs. 61
2014 [45] Rat liver Allo_BM IL-10 2.5 × 105 (0) IV_jagular 76 vs. 66
2016 [47] Rat liver Syn_BM hTGF-β1 5 × 106 (0) IV_portal 110 vs. 56.3
2018 [62] Rat liver Syn_BM PD-L1Ig NS (0) IV_portal 100 vs. 23.4
2015 [63] Rat liver Allo_BM FoxP3 2.5 × 106 (0) IV_portal >100 vs. 21

2020 [42] Mouse heart Syn_AD poly(I:C)_1 hr 5 × 105 (1) IV_caudal 12.3 vs. 10.2
2020 [48] Rat heart Syn_BM IDO 1 × 106 (2) IV SD
2019 [66] Mouse heart Syn_AD IL-35 1 × 106 (1) IV_caudal 17.5 vs. 10.67
2020 [68] Mouse heart Syn_AD sFgl2 1 × 106 (1) IV 52 vs. 15.3

2018 [44] Rat kidney Syn_BM EPO_48 hr 1 × 106 (0) IV_caudal no SD
2015 [49] Rabbit kidney Allo_BM IDO 2 × 106/Kg (0) IV 62.8 vs. 16
2017 [61] Rat kidney Syn_AD OX40Ig 2 × 106 (−4) IV_penile 14.2 vs. 10.2
2013 [70] Rat kidney Syn_BM CXCR4 2 × 106 (1) IV NR

2016 [54] Rat intestine Syn_BM HO-1 1 × 106 (0) IV_penile 24 vs. 15
2017 [71] Rat intestine Syn_BM CXCR3 and HO-1 5 × 106 (−7) IV 53 vs. 26

2019 [36] Rat corneal Syn_BM TNF-α and IL-1β_72 hr 1 × 106 (1, 7) IV_tail no SD
2020 [40] Mouse corneal Syn_BM TGF-β_72 hr 1 × 106 (1, 7) IV_tail 34.3 vs. 20.4
2020 [46] Rat corneal Allo_BM IL-10 2 × 106 (0) subconjunctival 28 vs. 12

2019 [37] Rat VCA_hindlimb Allo_BM IFN-γ_24 hr 2 × 106 (0) IV_tail 15 vs. 10

2019 [69] Rat VCA_inferior
epigastric flap Xeno(human)_AD CCR7 2 × 106 (−1) IV_tail 14.38 vs. 7.75

2018 [38] Mouse skin Allo_BM IL-17_5 days NS (0) IV_tail 19.2 vs. 15.8
2009 [59] Mouse skin Allo_BM hHGF 1 × 106 (0) IV 16.73 vs. 14.27

@: Allo, Syn: MSCs isolated from donor, recipient strain, respectively; Xeno: MSCs derived from xenogenic origin; BM: bone marrow;
AD: adipose tissue; &: NS: not specified; #: SD: significant differences; NR: not reported, all other data showed statistically significant differences.
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MSCs could also be administered through the intra-arterial (IA) route. Although
this route is more invasive and less commonly applied than the IV route, more MSCs
were shown to migrate to the peripheral tissues, as illustrated in the studies on kidney
injury and cerebral ischemia [72–74]. Direct injection to the target tissue has been reported
in endocardial [75], intra-articular [76], and intracerebral [77] administration, although
the efficacy may be compromised by the lower oxygen supply within the tissues such
that the cell survival rate was extremely low [78]. In the transplantation field, the time
between organ/tissue procurement and transplantation surgery provides a unique window
to pretreat the transplant ex vivo, which can be regarded as an alternative way of local
administration. In a kidney autotransplantation model, MSCs added during the normoth-
ermic machine perfusion stage can be retained within the kidney cortex for 14 days [79].
Pieróg et al. infused the lung graft with hIL-10-BM-MSCs prior to implantation and found
a significant improvement in the lung function on POD 5 [80]. The hindlimb pre-treated ex
vivo VCA with 5% O2 (hypoxia)-preconditioned BM-MSC significantly prolonged VCA
survival [81,82]. MSCs were shown to distribute in the perivascular space within the graft
and significant enhancement of IDO and reduction in pro-inflammatory intercellular adhe-
sion molecule 1 (ICAM-1), monocyte chemoattractant protein-1 (MCP-1), and C-X-C motif
chemokine ligand 9 (CXCL9) expression was observed in the transplant, which suggested
that localized instead of systemic effects were exerted by the MSCs.

Currently, long-term consistent intake of immunosuppressants is required to maintain
allotransplant survival. However, all studies discussed in this report only evaluated the
effects of preconditioned MSCs without supplemented immunosuppressants. The com-
monly used immunosuppressants, such as cyclosporin (CsA), tacrolimus, rapamycin, and
mycophenolate mofetil, have different impacts on the level or function of specific immune
cell populations, such as Tregs [83,84], or the interactions between different types of im-
mune cells [85]. On the other hand, CsA was shown to promote MSC survival and exerted
additive immunomodulatory effects on MSCs in vivo [86], although rapamycin may affect
MSC proliferation [87]. In reverse, MSCs also modulate the function of the immunosuppres-
sants [87,88]. The data that combination of short-term immunosuppressant regimen and
MSCs significantly prolong allotransplant survival or even induce donor-specific tolerance
demonstrated a synergistic effect [12,14,89,90]. While many studies listed in the current
review have reported the advantages of preconditioned MSCs, it is worthwhile to explore
appropriate supplementation of low-dose or short-term immunosuppressants to maximize
the synergistic effects and further improve the transplantation outcome.

5. Conclusions

In summary, MSC preconditioning by pretreatments or gene transfection holds great
potential in improving the allotransplantation outcomes. Individual preconditioning may
enhance the immunomodulatory and/or homing capacities of MSCs. Further optimization
of the preconditioned MSCs efficacy can be through transfection of multiple genes, IA
administration, or ex vivo-treatment of the allograft before implantation. Furthermore,
appropriate incorporation of short-term or low-dose of traditional immunosuppressants
may exert synergistic effects on the preconditioned MSCs to improve allotransplantation
outcomes or even induce donor-specific tolerance.
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