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Abstract: Cell therapies using immune cells or non-parenchymal cells of the liver have emerged as
potential treatments to facilitate immunosuppression withdrawal and to induce operational tolerance
in liver transplant (LT) recipients. Recent pre-clinical and clinical trials of cellular therapies including
regulatory T cells, regulatory dendritic cells, and mesenchymal cells have shown promising results.
Here we briefly summarize current concepts of cellular therapy for induction of operational tolerance
in LT recipients.
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1. Introduction

Transplantation of organs, including the liver, across the HLA barrier induces strong
alloimmune responses in recipients. Both cellular and humoral alloresponses contribute
to rejection. Current immunosuppressive (IS) therapies including calcineurin inhibitors
(cyclosporin and tacrolimus) and corticosteroids target recipient T cell activation, expansion,
and cytotoxicity effectively, and reduce acute rejections to less than 15% of transplants but
their long-term use is associated with increased risk of infections and malignancies [1,2].
While our understanding of the role of antidonor antibodies in acute and chronic rejections
has improved significantly over the past decade, existing therapies such as anti-CD20 or
complement pathway monoclonal antibodies are only partially effective and do not prevent
the development of chronic antibody-mediated injury [3].

More than half a century ago, Billingham and Medawar described the phenomenon
of acquired immunologic tolerance to transplant antigens by successfully grafting the
skin of a calf onto its fraternal twin [4]. Induction of immune tolerance decreases the
risk of graft rejection after solid organ transplantation and thus reduces the need for
immunosuppression and improves the survival of transplanted organs. Billingham’s
work was followed by the first successful kidney transplant in 1954, and so launched the
worldwide search for methods to induce immune tolerance and to hold graft rejection at
bay [5]. Transplant tolerance represents the holy grail for transplant immunology: a state
where the allograft is accepted by the recipient in the absence of IS treatment. There are
multiple types of tolerance including full immunological tolerance, operational tolerance
(OT), or IS minimization, sometimes referred to as “prope tolerance” [6]. In the practical
setting, research is focused on the induction of OT, which is defined as stable graft function
in the absence of IS for more than one year without any features of chronic rejection [7].
Efforts to develop OT have capitalized on how the immune system actively regulates itself
through regulatory T cells, B cells, and innate components. Studied methods for developing
OT include hematopoietic stem cell transplantation that re-educates the immune system
and targeted stimulation by transfer of immune regulatory cells [8]. Antigen-presenting
cells (APCs), Kupffer cells (KCs), non-immune cells such as mesenchymal cells (MSCs),
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hepatic stellate cells (HSCs), and liver sinusoidal endothelial cells (LSECs) have regulatory
properties as well [9]. The use of cells as therapeutics, particularly regulatory T cells (Tregs),
regulatory dendritic cells (DCregs), and MSCs have attracted enthusiasm as alternative
OT induction strategies in transplants. The current review will address the role these
cells play in liver graft tolerance and summarize the current status of clinical therapies
utilizing them.

2. Historic Overview

Liver transplantation is presently the only proven treatment for end-stage liver dis-
ease. Liver transplant was first performed clinically by Starzl in 1963 [10]. In 1969, Calne
recognized that pigs could survive without IS for long periods after liver transplantation,
and that the liver graft could provide a protective benefit against rejection to other solid
organs transplanted from the same donor [11]. Further study of the liver’s protective effect
on kidney transplants was undertaken in human simultaneous liver-kidney transplant
recipients. These studies showed reduced chronic cellular and antibody-mediated alloim-
mune injury and lower overall frequency of circulating CD8+, CD4+, and effector memory
T cells on flow cytometry, as well as upregulated genes and gene sets associated with tissue
integrity and metabolism in kidneys transplanted simultaneously with a liver, compared
to solitary kidney recipients [12–14].

These and similar observations opened the gateway to IS weaning in LT which could
address the long-term toxicities and cost of therapy. A meta-analysis summarized the
accumulated clinical experience with IS-weaning protocols in LT from 1993–2006 and the
available data indicated that elective IS withdrawal is possible in 19.4% of recipients [15].
However, selection bias likely contributed to this rate, as some of these studies chose
participants who were more likely to be successfully weaned off IS, and no intention-to-
treat weaning trials were included. Hence it is difficult to accurately estimate the actual rate
of OT. A study conducted by Feng et al. in 2012 showed 60% OT in a pediatric population.
However, this study required a longer time from transplant (four years vs two years) and
excluded those with autoimmune or viral diseases [16]. Despite these results, the long
duration to wean recipients’ off IS and the lack of generalization, inducing tolerance in LTs
has gained interest and multiple OT induction trials such as Treg cell therapy are currently
conducting clinical trials to induce OT in LTs [17]. NCT03577431 and NCT03654040 are
Phase I/II studies currently recruiting participants who will receive Tregs; those that
successfully discontinue IS for 52 weeks will be defined as operationally tolerant.

Over the past three decades, researchers have been studying ways to induce toler-
ance to solid organ transplants using hematopoietic stem cells. In theory, donor bone
marrow infusion should produce donor pluripotent hematopoietic stem cells, inducing
donor-specific hyporeactivity [18]. Rao et al. transplanted LT recipients with donor bone
marrow hematopoietic stem cells harvested from vertebral bodies; HSC recipients showed
62% donor-specific hyporeactivity as compared to 21% seen in LTs only [19]. Donckier et al.
succeeded in early IS withdrawal in two out of three LT patients infused with donor bone
marrow hematopoietic stem cells under myeloablative conditioning [20]. Nevertheless,
myeloablative conditions are necessary for the engraftment of donor bone marrow and
carry a risk of toxicity to the recipient. Tryphonopoulos et al. reported that donor bone
marrow hematopoietic stem cell infusion under non-myeloablative conditions in LT recipi-
ents showed no increase in the likelihood of IS weaning [21]. Simultaneous donor bone
marrow hematopoietic stem cell infusion with LTs increases the risk of graft versus host
disease (GVHD) when compared to LTs alone; two out of 29 patients from Rao’s study
group developed GVHD [19].

Immune cell therapies have been shown to induce stable tolerance in clinical liver
transplantation and several transplant centers are conducting tolerance-inducing clinical
trials in LT recipients [17]. They are considered better alternatives as they do not require
the rigorous myeloablative conditioning required in hematopoietic stem cell transplanta-
tion [22]. In addition, GVHD and over-immunosuppression sequelae such as opportunistic
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infections are less likely to develop even when cellular therapies are expanded under
polyclonal conditions [23].

3. Liver’s Unique Tolerogenicity and the Role of Liver-Resident Cells

It is well recognized that the liver is a uniquely immunologically privileged organ [11].
LTs require the least amount of induction and maintenance IS and sustain the lowest
incidence of chronic immune-mediated injury [11]. Post-transplant, the liver’s resistance to
antibody-mediated rejection could be due to its dual blood supply from the high-pressure
systemic and low-pressure portal circulation which meet at the fenestrated sinusoids and
facilitate interaction between antigens, T cells, and other resident immune cells. Taner et al.
hypothesized that this protects the liver allograft from rejection as the standard capillary
microvasculature and single afferent blood supply in other organs get occluded easily by
complement-activated immune complex resulting in ischemia [24,25]. Secondly, innate
immune cells in the liver express undetectable levels of major histocompatibility complex
(MHC) antigens and costimulatory molecules which make it difficult for them to induce an
immune response [26]. Unlike other organs, if T cell-mediated rejection episodes occur in
compliant liver recipients, they occur more frequently within six weeks post-transplant
and do not appear to have a long-term effect on the survival of the allograft [24,25]

Thirdly, there is a large population of migratory immune cells in liver allografts
compared to other solid organs that can further explain its privileged status. In fact,
the liver can be described as a lymphoid organ [27]. Immune cells of lymphoid and
myeloid lineage line the sinusoids in the liver and are involved in tissue homeostasis and
immunoregulatory activities. An average adult liver of 1.5 kg is likely to contain 1010

lymphocytes [28]. These cells include T cells, natural killer cells (NK cells), and natural
killer T cells (NK T cells) (Table 1). Most of the liver is composed of hepatocytes and
occupies 78% of the parenchymal volume, while the non-parenchymal cells (NPCs) account
for 6% of the volume. The extracellular space, including sinusoidal lumen, space of Disse,
and biliary canaliculi together occupy the remaining 16% [29]. NPCs of the liver include the
hepatic stellate cells (HSCs), Kupffer cells (KCs), liver sinusoidal endothelial cells (LSECs),
dendritic cells (DCs), and intrahepatic lymphocytes [28,29].
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Table 1. Cell types of liver: distribution, essential functions, and markers.

Cell Type % in Liver [29] Primary Function Location Cell Surface Markers

Parenchymal cells
(75–80%) [29]

Hepatocytes

75–80%

Detoxification of
NH3, metabolism of
lipids, proteins, and
carbohydrates, and

synthesis of proteins

Hepatic lobules
Asioglycoprotein

receptor 1, HepPar1,
Arginase 1

Non-
Parenchymal cells

(5–6%) [29]

Kupffer cells
~33% of NPCs

[29]

Macrophages with
antigen-presenting

function and
phagocytosis

Within lumen of
sinusoids

MHC II and
co-stimulatory

molecules

Mesenchymal cells

- Tissue remodeling
and repair

Within lumen of
sinusoids

CD105, CD73, CD44,
and CD90

Hepatic stellate
cells ~3–5% of NPCs

[30]

Maintain extracellular
matrix, sinusoidal

blood flow, and
storage of vitamin A

Space of Disse CD1d, CD86, and
MHC II

Liver sinusoidal
endothelial cells ~44% of NPCs

[29]

Endocytosis to
remove pathogens

and
antigen-presenting

capacity

Lining of
sinusoids

CD80, CD86, CD40,
and MCH I and II

Cholangiocytes
~3–5% of total
liver cells [31] Secretion of bile

Lining of
intrahepatic and
extrahepatic bile

duct system

CK19, CK18, CK7,
Sox9, OPN, and

EpCAM

Intrahepatic
lymphocytes

20% of NPCs
[28]

Innate and adaptive
immunity

Within lumen of
sinusoids

B cells—CD19, CD20
T cells—CD3, CD4

NK cells—CD56
NKT cells—CD56,

CD3
Tregs—CD4, CD25,

FoxP3

Dendritic cells

<1% of NPCs
Antigen presenting

function and
phagocytosis

Perisinusoidal CD11c, CD1a

Finally, the liver is constantly exposed to gut-derived pathogens and antigen metabolic
byproducts which is evident from high levels of lipopolysaccharides (LPS) in the portal
system. DCs, KCs, and LSECs expressing toll-like receptors (TLR) recognize pathogen-
associated molecular patterns (PAMPs) as part of their innate defense from foreign pathogens.
In response to TLR stimulation due to constant exposure to low levels of LPS, these cells
release anti-inflammatory cytokines such as IL-10. This phenomenon is known as LPS
tolerance and TLR signaling plays a critical role in maintaining the balance between im-
mune activation and tolerance [32]. This concept of tolerance is maintained by sinusoidal
APCs—LSECS, KCs, and DC—and implies that the intravascular compartment of the liver
is an anatomical structure that supports the deliberate induction of tolerance [33]. This
could further explain the discrepancy between the inherent tolerogenicity of the whole
liver versus isolated hepatocytes and the contribution of sinusoidal APCs to liver toler-
ance [34]. These mechanisms of NPC and immune cell roles in liver tolerance are under
investigation; [8] some of their mechanisms are presented below.
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4. Liver MSCs

Liver MSCs have been isolated from biopsies of livers prepared for transplant and
have a higher expression of PD-L1 and PTGS1 which are known inhibitors of T cell prolif-
eration compared to bone marrow and adipose-derived MSCs [35]. They are more potent
inhibitors of alloreactive T cell proliferation, NK cell cytotoxicity, and IFNγ production
compared to MSCs from other sources [35]. Liver MSCs have increased transcriptional
activity of hepatocyte growth factor which is known to have anti-T cell proliferative prop-
erties [36]. Thus, the limited studies to date suggest that liver MSCs are uniquely equipped
immunomodulatory cells and have a potential cell therapeutic application for tolerance
induction in transplant settings.

5. Liver DCs

Multiple studies to date demonstrate that liver DCs possess superior tolerogenic
properties compared to their counterparts isolated from other tissues. For example, freshly
isolated liver DCs induce higher numbers of Tregs than their blood-derived DCs [37]. In
addition, these cells generate less proinflammatory cytokines such as IL-1 and TNF-α and
more anti-inflammatory cytokines including IL-10 [37]. Overall, isolated human liver DCs
promote T cell hyporesponsiveness after Ag-specific stimulation which supports the notion
that liver DCs are critical regulators of liver tolerance after transplantation [37]. Liver-
derived donor DCs in a rat model prolonged pancreatic islet allograft survival [38]. Liver
DCs on stimulation with GM-CSF exhibited low levels of MHC II and failed to stimulate
allogenic T cells in mixed lymphocytic reactions (MLRs) [38]. This study suggests that liver
DCs may contribute to tolerance in liver allografts as well as protect other allografts of the
same donor from rejection [38].

6. HSCs

HSCs are pericytes in the space of Disse, between the sinusoids and basal surface of the
hepatocytes. They play a role in maintaining the extracellular matrix, sinusoidal blood flow,
storage of vitamin A, and function as APCs [39]. On stimulation with IFNγ, they express
CD1d, CD86, and MHC II. Multiple mechanisms are involved in the immune tolerance
induced by HSCs, namely the expansion of myeloid-derived suppressor cells (MDSCs).
MDSCs and all-trans retinoic acid in the HSCs express high levels of arginase 1 and
inducible nitric oxide synthase that leads to inhibition of effector T cell and augmentation
of Tregs [40]. A recent study in mice revealed that HSCs have an immunoprotective
capacity towards transplanted hepatocytes. Four weeks after human hepatocytes were
co-transplanted with human HSCs into mouse livers, human albumin positive hepatocytes
were two to six times more numerous and had enhanced hepatocyte engraftment [41]. A
study showed that co-transplantation of HSCs with allogenic pancreatic islets in humans
protected islet grafts from rejection without the need for IS [40].

7. LSECs

Sinusoids are lined by LSECs. They are 5–7 µm in diameter and provide close contact
with lymphocytes for effective immune interaction with LSECs. LSECs express minimal
levels of CD80, CD86, CD40, and MHC class II hence are poor stimulators of T cells [42]. T
cells trigger increased expression of co-inhibitory B7-H1 molecules exclusively on LSECs.
These B7-H1 molecules interact with the PD-1 surface receptor on T cells and regulates T
cell activation to induce tolerance [43]. LSECs secrete adhesion molecules that facilitate the
sequestration of activated CD8 T cells. These alloantigen T cells are exposed to IL-10, PD-L1,
and FasL1 that promote their destruction [27]. LSECs secrete LSECtin which interacts with
CD44 on T cells and inhibits the secretion of IL-2 and IFNγ [44]. These functions of LSECs
are shown to be preserved better in spontaneously accepted rat liver grafts [45].
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8. KCs

KCs are resident macrophages in the liver described by Karl von Kupffer. They
mature from circulating bone marrow-derived monocytes and account for 80–90% of tissue
macrophages present in the body and directly interact with passenger leukocytes [46]. After
liver transplantation, donor KCs migrate into the recipient’s lymph node and are replaced
by recipient-derived monocytes [47]. A study by Sun et al. showed that recipient KCs
recovered from chronically accepted hepatic allografts have increased FasL as well as IL-10
and TGF-β production. These products induce increased apoptosis of T cells compared
to an acute rejection model [48,49]. In addition, prolonged graft survival is seen in rats
with the infusion of KCs from chronically accepted liver grafts prior to transplantation [48].
Another study showed reduced TNFα from liver transplants pretreated with KCs, which
prevented apoptosis of hepatocytes and enhanced the graft survival rate [50]. This further
strengthens the immunomodulatory role of KCs on liver transplantation immune tolerance.

9. Hepatic NK Cells

NK cells, defined by the presence of CD56 and absence of CD3, are extensively present
in the healthy liver [51]. Hepatic NK cells are continuously recruited from the peripheral
blood into the liver where they can potentially differentiate into liver-specific NK cells [52].
While recipient NK cells have been shown to trigger organ rejection [53], Harmon et al.
hypothesized that donor NK cells may prevent rejection [54]. High levels of NK cell-specific
gene expression has been found in peripheral blood samples from transplant recipients
with OT however they failed to identify whether the NK cells were of donor or recipient
origin [55]. The exact role of donor NK cells in suppressing and regulating graft rejection
has not been clearly defined. Activated alloantigen CD4 and CD8 T cells express NKG2DLs
that make them susceptible to NK cell lysis in vitro and this could play a role in promoting
tolerance [56].

10. Candidates for Cellular Therapy
10.1. Tregs

Tregs were first reported by Sakaguchi et al. in thymectomized mice [57]. They consist
of 5–10% of CD4+ T cells and are broadly classified as thymic-derived and peripherally
induced Tregs [58]. CD4, FoxP3, high levels of CD25, and low levels of CD127 are expressed
on the surface. The CD25 marker serves as an “IL-2 sink” and consumes IL-2 which is the
key cytokine required for the differentiation and maintenance of Tregs and stabilization of
FoxP3 expression. The preferential consumption of IL-2 by Tregs suppresses the expansion
of effector T cells [59]. Once activated, Tregs travel to the site of inflammation and prevent
collateral tissue destruction by CD4+ and CD8+ T cells. Tregs secrete IL-10 [60], IL-35 [60],
TGF β [61], and cAMP [62] to create an immunotolerant environment. Through the
secretion of granzymes and perforins, they cause apoptosis of effector T cells [63,64].
CTLA4 is an essential negative regulator of T cell response on the surface of Tregs; the
interaction between CTLA4 and costimulatory CD80/86 ligands on the surface of APCs
activates indoleamine dioxygenase (IDO) in APCs. IDO depletes tryptophan in the local
environment and consequently inhibits T effector cells [65] (Figure 1).

Tregs control transplant rejection by first migrating to the graft to induce graft tolerance
and then drain into lymph nodes and help maintain tolerance [66]. Two types of Tregs can
be expanded for clinical use: antigen-specific Tregs and polyclonal Tregs. On one hand,
antigen-specific Tregs have specificity to one antigen and suppress effector T cells of distinct
antigenic specificity making them more effective [67]. On the other hand, polyclonal Tregs
are easier to manufacture [67]. Interestingly, Tregs demonstrate “infectious tolerance” [68],
where the suppressive capacity of Tregs is transferred and can lead to the generation and
expansion of a new population of antigen-specific Tregs distinct from the original Treg
population. This occurs through the production of cytokines which induces the conversion
of naïve T cells into Tregs [17]. Thus, tolerance persists much longer than the longevity of
Tregs used.
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Figure 1. Functions of regulatory T cells. (A) Interaction of pro-inflammatory IL-2 with CD25 for
the differentiation and maintenance of Tregs and stabilization of FoxP3. (B) Production of anti-
inflammatory cytokines including IL-10, TGFβ, and cAMP to create an immunotolerant environment.
(C) Secretion of granzymes and perforins causes apoptosis of CD4+T effector cells. (D) CTLA4
interacts with co-stimulatory CD80 and CD86 ligands on the surface of APCs and activates IDO in
them which depletes tryptophan in the local environment and consequently inhibits the proliferation
of T cells.

The first clinical trial of T-cell-based therapy to induce OT was conducted by Todo
et al., using an ex vivo-generated regulatory T-cell-enriched cell product in 10 adult patients
post-LT [69]. The cultured Treg-enriched product significantly inhibited the proliferation of
recipient lymphocytes in an ex-vivo Mixed Lymphocyte Reaction assay. In the human trial,
the Treg product was administered on post-op day 13 along with a standard IS regimen
including steroids, mycophenolate mofetil, and tacrolimus. IS drugs were gradually
discontinued over 18 months. All 10 recipients maintained stable graft function. Seven
patients with non-immunological liver diseases successfully achieved weaning and did not
require ISs between 16 and 33 months. The other three recipients with autoimmune liver
diseases developed mild rejection during weaning and were resumed on IS.

King’s group [23] proved the safety, applicability, and biological activity of autol-
ogous Treg adoptive transfer in humans in cadaveric liver transplantation. Circulating
polyclonal Tregs were isolated from the recipient’s blood and expanded ex-vivo using IL-2
and rapamycin [70]. In three patients, Tregs were harvested pre-transplant, standard IS
was administered for three months post-transplant, a biopsy was performed to exclude
subclinical allograft rejection, and then Tregs were infused. In six patients, Tregs were
harvested 8–14 months after transplant, with simultaneous liver biopsy, and the patients
received expanded Treg infusion two months later. In recipients who received a single
dose of 4.5 million Tregs/kg, a gradual decrease in T cell responses directed against donor
cells was observed. Although they were not successful in weaning patients off IS, the
development of donor-specific hyporesponsiveness is considered one of the hallmarks of
transplantation tolerance [23].
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Tregs demonstrate promise for targeted allograft tolerance and an alternative to
classical IS. The first successful pilot study by Todo led to multiple OT induction trials
currently using Treg cell therapy in LT [17]. Tregs do not persist in large numbers in the
circulation after infusion due to low IL-2 availability. Even if they persist, a study revealed
that Tregs may acquire a pro-inflammatory T effector phenotype as a consequence of FoxP3
instability [71]. Hence, their long-term viability needs to be addressed. In addition, due
to the high frequency of alloreactive T effector cells post-transplant, Treg administration
alone is insufficient and a combined regimen of lymphodepletion and donor-alloantigen-
reactive Tregs is most effective in long-term graft survival [72]. Chimeric antigen receptor
(CAR) T cells could be a promising method for the production of antigen-specific Tregs
over polyclonal Tregs [73]. These engineered Tregs have a superior allospecific immune
response and proliferation capacity [73]. Noyon et al. successfully transduced natural
Tregs to donor-specific CAR Tregs without altering their regulatory phenotype. These CAR
Tregs were far more potent in preventing rejection after a skin transplant in a mouse and
could be applied to produce potent donor-antigen-specific Tregs after LT [73].

10.2. DCregs

DCs are stellate-shaped APCs expressing CD11c and CD1a. They arise from the
bone marrow and seed into peripheral tissue. Mature DCs produce pro-inflammatory
cytokines, while liver-derived DCs have a lower maturity status and produce high levels of
regulatory factors including IL-10, IL-27, retinoic acid, and prostaglandin E2 [74]. DCs with
immune tolerance properties are called DCregs; these cells express high levels of MHC, T
cell co-inhibitory ligands (PDL-1), and death-inducing ligand (FasL) with low expression
of co-stimulatory molecules [75]. DCregs are immature cells that induce apoptosis of
alloantigen-specific T cells through the Fas/FasL pathway and IDO and generate Tregs and
Bregs through the production of IL-10 and TGF β [76,77] (Figure 2).

In vitro generation of DCregs has been achieved by utilizing cytokines (IL-10, IL-
4, TGF-β, and VEGF), pharmaceutical agents (aspirin, PGE2, histamine, β2 agonists,
corticosteroids), and IS (cyclosporin A, rapamycin, and mycophenolate mofetil) [78]. The
first and only clinical trial testing the efficacy of a single infusion of donor-derived DCregs
in LT recipients is currently in phase I/II [79,80]. Monocytes from prospective liver donors
were cryopreserved, then thawed and treated with L-glutamine, GM-CSF, IL-4, Vitamin
D3, and IL-10. DCregs in this study exhibited a tolerogenic profile of high PDL1 and
IL-10, resistance to maturation, and potential to modulate alloreactive T cell responses.
Fifteen live donor LT donor-recipient pairs were recruited between 2017 and 2020 at the
University of Pittsburgh and received a single infusion of these donor-derived DCregs
one week prior to transplantation [79,80]. The timing of infusion of donor-derived DCs
seven days prior to transplant has been supported by many prior studies; this timing
is based on the hypothesis that DCs are most involved in the very early stages of the
immune response and hyperacute rejection [38,81–83]. DCreg infusion in transplantation
has resulted in decreased memory CD8+ T cells and increased Tregs in circulation [80].
This effective blunting of memory cells is a major victory in the promotion of long-term
allograft survival [84]. Intact donor-derived DCregs with preserved regulatory phenotype
were detected in the circulation shortly after their infusion, but there was no long-term
persistence of donor DCregs. The Pittsburgh Study (NCT03164265) is yet to report on
the post-transplant clinical and immunological outcomes, and whether this approach to
donor DCreg therapy could result in the enhanced success of early IS withdrawal [80]. The
estimated completion date of this study is June 2023.
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Figure 2. Functions of regulatory dendritic cells. (A) DCregs are generated from BM precursor cells
by adding GM-CSF with IL-4, IL-10, and TGFβ. (B) DCregs express FasL and interact with the Fas on
activated CD4 T effector cells which is associated with T cell apoptosis. (C) Production of IL-10 and
TGFβ leads to the generation of Tregs.

Of note, ex-vivo expansion of DCregs yielded high numbers of viable cells, constituting
a possible advantage over other types and sources of regulatory cells (e.g., autologous Tregs)
which require several weeks to expand. Currently, donor-derived DCregs are restricted
to live-donor organ transplantation and alternative therapies such as autologous DCregs
loaded with donor antigen are promising for deceased donors [85]. Genetically engineered
DCs may be a feasible approach to improve the therapy of allograft rejection as DCs can be
virally transduced to express various immunosuppressive molecules, such as IL-10 and
TGFβ, to further enhance their tolerogenic potential [86].

11. MSCs

Mesenchymal stem cells (MSCs) are nonhematopoietic multipotent progenitor cells
that play a role in tissue remodeling and reside in various tissues. The International Society
for Cell Therapy committee defines MSCs as (1) adhering to plastic and being fibroblast-
like after culture in vitro; (2) being positive for CD105, CD73, and CD90 but negative for
CD45, CD34, CD14, CD19, or HLA-DR by flow cytometry; (3) differentiating in vitro into
osteoblasts, adipocytes, and chondroblasts [87]. MSCs inhibit the allogenic T cell response
and IL-2 induced proliferation, cytotoxicity, and cytokine secretion in NK cells [88]. MSCs
with high IDO activity promote IL-10-producing macrophages and inhibit the maturation
of DCs [89,90]. Secretion of HLA-G5 promotes the generation and activation of Tregs [91]
(Figure 3).
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Figure 3. Functions of mesenchymal cells. (A) Mesenchymal cells pretreated with anti-inflammatory TNFα, IL-1, and IFNγ

are activated and show enhanced immunoregulatory capacity. (B) The enzymatic activity of IDO and possibly other factors
secreted by MSCs induces the conversion of monocytes into IL-10 producing M2 macrophages. (C) MSCs secrete HLA-G5
which generates Tregs and increases the production of IL-10. (D) MSCs through direct contact inhibit the uptake of CD83
necessary for the maturation of dendritic cells.

MSCs are not immunogenic as they do not express HLA hence they evade recipient T
cells and can be a potent cellular therapy tool regardless of the immunogenic differences
between MSCs and recipients [92]. In the transplant setting, the liver allograft environment
is rich in pro-inflammatory cytokines, and IFNγ pretreated MSCs show upregulation of
PDL1, MHC I, MHC II, and CD54 which enhances their immunoregulatory capacity [68].
Significant improvement in graft survival time and Treg upregulation was seen in rats
after LT with early MSC treatment [93]. However, human trials have been less definitive.
Detry et al. conducted the first clinical trial to assess the tolerability, feasibility, and safety
of a single MSC infusion after LT [94]. LT recipients received non-HLA-matched third-
party MSCs on postop day three and were compared to a control group receiving LTs
only. There was no impact on Tregs, CD4+ cells count zero, one month, and three months
post-transplant when compared to the control. From the MSC group recipients who had a
normal biopsy at six months, progressive weaning of IS was attempted [94]. In one patient,
tacrolimus and MMF withdrawal was performed without rejection and she remained off ISs
for 12 months. In eight recipients, signs of graft rejection occurred during the withdrawal
of ISs. Despite the suboptimal induction of OT, this study opens the way for further
MSC-based trials in LT, perhaps with altered dosing or timing of MSC administration. Post-
transplant MSC infusion was well tolerated, without evidence of pulmonary dysfunction
or cytokine release syndrome and no cases of increased susceptibility to infection or de
novo cancer occurred [95].
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12. Future: Where do We Go from Here?

Induced pluripotent stem cells (iPSCs) are the result of reprogramming somatic cells to
generate pluripotent progenitor cells and have great potential as a major cell source for pro-
ducing various types of cells to induce tolerance in the field of transplantation [96]. iPSCs
have an individualized approach to cell therapy since the patient’s own cells can be used
to induce tolerance in transplants thus avoiding the need for IS. Senju et al. [97] succeeded
in generating DCs from iPSCs and these cells were comparable to bone marrow-derived
macrophages in terms of morphology and function [97]. This formed the foundation
for which Zhang et al. [98] developed a feasible approach for iPS-DCregs which showed
immune regulatory effects both in vitro and in vivo as well as the ability to generate Tregs
in vitro [98]. MDSCs (myeloid-derived stem cells) exert immunosuppressive functions and
have also been produced from iPSCs [99]. They inhibit T cell response and the secretion
of IFNγ in a mixed lymphocytic reaction assay as well as in vivo in a mouse model [99].
These studies highlight the potential of iPS-DCregs and iPS-MDSCs as a key resource for
cell therapy for inducing transplantation tolerance. Another potential therapeutic entity
involves the use of extracellular vesicles (EVs) in the regulation of transplantation tolerance.
EVs are nanosized, membrane-bound particles containing nucleic acid, lipids, or proteins
that are released by many cell types. EVs containing transplant donor MHC can be received
by recipient APCs, resulting in cross-dressing of APCs with allo-MHCs and immune stim-
ulation [100]. However, new evidence suggests that EVs may also play a role in tolerance.
A mouse model of MHC-mismatched liver transplantation developed tolerance because re-
cipient DCs cross-dressed with donor EVs expressed high levels of co-inhibitory molecules
PD-L1 and IL-10, leading to marked suppression of host alloreactivity [101]. Treg-EVs
inhibited T-cell proliferation through the release of EVs transporting specific miRNAs and
iNOS enzymes; when administered following rat kidney transplant, Treg-EVs prolonged
the survival of the allograft [102]. Multiple preclinical and clinical trials are assessing EV
therapeutic potential for a variety of pathological conditions, however, no clinical trials
directly studying transplant tolerance are currently underway [103].

13. Conclusions

The induction of operational tolerance after transplant has been a critical goal ever
since the first solid organ transplants were completed nearly 70 years ago. After the
discovery of the liver as an immunologically privileged organ, our understanding of the
immunomodulatory roles of the different cells in the liver continues to grow and we turn
to cell therapy as a solution outside the purview of classic IS. We are closer than ever
before to achieving the goal of operational tolerance in liver transplantation. Treg infusion
after LT is currently undergoing multiple clinical trials. While we await these results,
larger and longer-term trials are the next step in bringing this practice into widespread
clinical use and hopefully will enhance the understanding of long-term Treg viability
and the applications of chimeric antigen receptor technology. DCregs demonstrate a
promising ability to blunt the memory immune response, as well as an important role in
preventing hyperacute rejection; however, until clinical trial results are available in 2023,
no definitive recommendation can be made. In addition, the role of recipient DCregs for
deceased donor transplants needs further investigation. MSC administration has so far not
demonstrated a consistent path for IS withdrawal, but more research into the timing and
dosing of this powerful immune regulator could provide a promising cellular therapy for
tolerance induction.

Author Contributions: Conceptualization: S.D.E., T.T., and S.L.N.; Reviewing of Literature: S.D.E.
and E.L.L.; Writing: S.D.E., E.L.L., T.T., and S.L.N. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.



Int. J. Mol. Sci. 2021, 22, 4016 12 of 16

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

Bregs Regulatory B cells
DCs Dendritic cells
DCregs Regulatory dendritic cells
EVs Extracellular vesicles
GVHD Graft versus host disease
HSCs Hepatic stellate cells
iPSCs Induced pluripotent stem cells
IS Immunosuppressive
KCs Kupffer cells
LSECs Liver sinusoidal endothelial cells
LT Liver transplants
MDSC Myeloid-derived stem cells
MSCs Mesenchymal cells
OT Operational tolerance
Tregs Regulatory T cells

References
1. Port, F.K.; Dykstra, D.M.; Merion, R.M.; Wolfe, R.A. Organ donation and transplantation trends in the USA, 2003. Arab. Archaeol. Epigr.

2004, 4, 7–12. [CrossRef] [PubMed]
2. Dhanasekaran, R. Management of Immunosuppression in Liver Transplantation. Clin. Liver Dis. 2017, 21, 337–353. [CrossRef]

[PubMed]
3. Stegall, M.D.; Chedid, M.F.; Cornell, L.D. The role of complement in antibody-mediated rejection in kidney transplantation.

Nat. Rev. Nephrol. 2012, 8, 670–678. [CrossRef] [PubMed]
4. Billingham, R.E.; Brent, L.; Medawar, P.B. Actively acquired tolerance of foreign cells. Nature 1953, 172, 603–606. [CrossRef]
5. Morris, P.; Joseph, E. Murray (1919–2012). Nature 2013, 493, 164. [CrossRef]
6. Calne, R. Prope tolerance—the future of organ transplantation from the laboratory to the clinic. Int. Immunopharmacol. 2005, 5,

163–167. [CrossRef]
7. Azzi, J.; Sayegh, M.H. Clinical Transplantation Tolerance: A Myth No More, But. Am. J. Kidney Dis. 2009, 54, 1005–1011. [CrossRef]
8. Crispe, I.N.; Giannandrea, M.; Klein, I.; John, B.; Sampson, B.; Wuensch, S. Cellular and molecular mechanisms of liver tolerance.

Immunol. Rev. 2006, 213, 101–118. [CrossRef]
9. Crispe, I.N. Immune tolerance in liver disease. Hepatology 2014, 60, 2109–2117. [CrossRef]
10. Starzl, T. The long reach of liver transplantation. Nat. Med. 2012, 18, 1489–1492. [CrossRef]
11. Calne, R.Y.; Sells, R.A.; Pena, J.R.; Davis, D.R.; Millard, P.R.; Herbertson, B.M.; Binns, R.M.; Davies, D.A.L. Induction of

Immunological Tolerance by Porcine Liver Allografts. Nat. Cell Biol. 1969, 223, 472–476. [CrossRef]
12. Taner, T.; Park, W.D.; Stegall, M.D. Unique molecular changes in kidney allografts after simultaneous liver-kidney compared with

solitary kidney transplantation. Kidney Int. 2017, 91, 1193–1202. [CrossRef]
13. Taner, T.; Gustafson, M.P.; Hansen, M.J.; Park, W.D.; Bornschlegl, S.; Dietz, A.B.; Stegall, M.D. Donor-specific hypo-responsiveness

occurs in simultaneous liver-kidney transplant recipients after the first year. Kidney Int. 2018, 93, 1465–1474. [CrossRef]
14. Taner, T.; Heimbach, J.K.; Rosen, C.B.; Nyberg, S.L.; Park, W.D.; Stegall, M.D. Decreased chronic cellular and antibody-mediated

injury in the kidney following simultaneous liver-kidney transplantation. Kidney Int. 2016, 89, 909–917. [CrossRef]
15. Lerut, J.; Sanchez-Fueyo, A. An Appraisal of Tolerance in Liver Transplantation. Arab. Archaeol. Epigr. 2006, 6, 1774–1780.

[CrossRef]
16. Feng, S.; Ekong, U.D.; Lobritto, S.J.; Demetris, A.J.; Roberts, J.P.; Rosenthal, P.; Alonso, E.M.; Philogene, M.C.; Ikle, D.;

Poole, K.M.; et al. Complete Immunosuppression Withdrawal and Subsequent Allograft Function Among Pediatric Recipi-
ents of Parental Living Donor Liver Transplants. JAMA 2012, 307, 283–293. [CrossRef]

17. Yu, J.; Liu, Z.; Li, C.; Wei, Q.; Zheng, S.; Saeb-Parsy, K.; Xu, X. Regulatory T Cell Therapy Following Liver Transplantation.
Liver Transplant. 2021, 27, 264–280. [CrossRef]

18. Wu, S.L.; Pan, C.E. Tolerance and chimerism and allogeneic bone marrow/stem cell transplantation in liver transplantation.
World J. Gastroenterol. 2013, 19, 5981–5987. [CrossRef]

19. Rao, A.; Fontes, P.; Zeevi, A.; Trucco, M.; Dodson, F.; Rybka, W.; Shapiro, R.; Jordan, M.; Pham, S.; Rilo, H.; et al. Augmentation of
chimerism in whole organ recipients by simultaneous infusion of donor bone marrow cells. Transplant. Proc. 1995, 27, 210–212.

http://doi.org/10.1111/j.1600-6135.2004.00394.x
http://www.ncbi.nlm.nih.gov/pubmed/15113351
http://doi.org/10.1016/j.cld.2016.12.007
http://www.ncbi.nlm.nih.gov/pubmed/28364817
http://doi.org/10.1038/nrneph.2012.212
http://www.ncbi.nlm.nih.gov/pubmed/23026942
http://doi.org/10.1038/172603a0
http://doi.org/10.1038/493164a
http://doi.org/10.1016/j.intimp.2004.09.026
http://doi.org/10.1053/j.ajkd.2009.08.005
http://doi.org/10.1111/j.1600-065X.2006.00435.x
http://doi.org/10.1002/hep.27254
http://doi.org/10.1038/nm.2927
http://doi.org/10.1038/223472a0
http://doi.org/10.1016/j.kint.2016.12.016
http://doi.org/10.1016/j.kint.2018.01.022
http://doi.org/10.1016/j.kint.2015.10.016
http://doi.org/10.1111/j.1600-6143.2006.01396.x
http://doi.org/10.1001/jama.2011.2014
http://doi.org/10.1002/lt.25948
http://doi.org/10.3748/wjg.v19.i36.5981


Int. J. Mol. Sci. 2021, 22, 4016 13 of 16

20. Donckier, V.; Troisi, R.; Le Moine, A.; Toungouz, M.; Ricciardi, S.; Colle, I.; Van Vlierberghe, H.; Craciun, L.; Libin, M.;
Praet, M.; et al. Early immunosuppression withdrawal after living donor liver transplantation and donor stem cell infusion.
Liver Transplant. 2006, 12, 1523–1528. [CrossRef]

21. Tryphonopoulos, P.; Tzakis, A.G.; Weppler, D.; Garcia-Morales, R.; Kato, T.; Madariaga, J.R.; Levi, D.M.; Nishida, S.; Moon, J.;
Selvaggi, G.; et al. The Role of Donor Bone Marrow Infusions in Withdrawal of Immunosuppression in Adult Liver Allotrans-
plantation. Arab. Archaeol. Epigr. 2005, 5, 608–613. [CrossRef] [PubMed]

22. Ringdén, O.; Söderdahl, G.; Mattsson, J.; Uzunel, M.; Remberger, M.; Hentschke, P.; Hägglund, H.; Sparrelid, E.;
Elmhorn-Rosenborg, A.; Duraj, F.; et al. Transplantation Of Autologous And Allogeneic Bone Marrow With Liver From
A Cadaveric Donor For Primary Liver Cancer1. Transplantation 2000, 69, 2043–2048. [CrossRef] [PubMed]

23. Sánchez-Fueyo, A.; Whitehouse, G.; Grageda, N.; Cramp, M.E.; Lim, T.Y.; Romano, M.; Thirkell, S.; Lowe, K.; Fry, L.;
Heward, J.; et al. Applicability, safety, and biological activity of regulatory T cell therapy in liver transplantation. Arab. Archaeol.
Epigr. 2020, 20, 1125–1136. [CrossRef] [PubMed]

24. Abrol, N.; Jadlowiec, C.C.; Taner, T. Revisiting the liver’s role in transplant alloimmunity. World J. Gastroenterol. 2019, 25,
3123–3135. [CrossRef]

25. Jadlowiec, C.C.; Morgan, P.E.; Nehra, A.K.; Hathcock, M.A.; Kremers, W.K.; Heimbach, J.K.; Wiesner, R.H.; Taner, T. Not All
Cellular Rejections Are the Same: Differences in Early and Late Hepatic Allograft Rejection. Liver Transplant. 2019, 25, 425–435.
[CrossRef]

26. Huang, H.; Lu, Y.; Zhou, T.; Gu, G.; Xia, Q. Innate Immune Cells in Immune Tolerance After Liver Transplantation. Front. Immunol.
2018, 9, 2401. [CrossRef]

27. Crispe, I.N. The Liver as a Lymphoid Organ. Annu. Rev. Immunol. 2009, 27, 147–163. [CrossRef]
28. Norris, S.; Collins, C.; Doherty, D.G.; Smith, F.; McEntee, G.; Traynor, O.; Nolan, N.; Hegarty, J.; O’Farrelly, C. Resident human

hepatitis lymphocytes are phenotypically different from circulating lymphocytes. J. Hepatol. 1998, 28, 84–90. [CrossRef]
29. Blouin, A.; Bolender, R.P.; Weibel, E.R. Distribution of organelles and membranes between hepatocytes and nonhepatocytes in the

rat liver parenchyma. A stereological study. J. Cell Biol. 1977, 72, 441–455. [CrossRef]
30. Geerts, A. History, Heterogeneity, Developmental Biology, and Functions of Quiescent Hepatic Stellate Cells. Semin. Liver Dis.

2001, 21, 311–336. [CrossRef]
31. Reynoso-Paz, S.; Coppel, R.L.; Mackay, I.R.; Bass, N.M.; Ansari, A.A.; Gershwin, M.E. The immunobiology of bile and biliary

epithelium. Hepatology 1999, 30, 351–357. [CrossRef]
32. Nakamoto, N.; Kanai, T. Role of Toll-Like Receptors in Immune Activation and Tolerance in the Liver. Front. Immunol. 2014, 5.

[CrossRef]
33. Thomson, A.W.; Knolle, P.A. Antigen-presenting cell function in the tolerogenic liver environment. Nat. Rev. Immunol. 2010, 10,

753–766. [CrossRef]
34. Iansante, V.; Mitry, R.R.; Filippi, C.; Fitzpatrick, E.; Dhawan, A. Human hepatocyte transplantation for liver disease: Current

status and future perspectives. Pediatr. Res. 2018, 83, 232–240. [CrossRef]
35. Taner, T.; Abrol, N.; Park, W.D.; Hansen, M.J.; Gustafson, M.P.; Lerman, L.O.; Van Wijnen, A.J.; Dietz, A.B.; Gores, G.J.; Stegall, M.D.

Phenotypic, Transcriptional, and Functional Analysis of Liver Mesenchymal Stromal Cells and Their Immunomodulatory
Properties. Liver Transplant. 2020, 26, 549–563. [CrossRef]

36. Molnarfi, N.; Benkhoucha, M.; Funakoshi, H.; Nakamura, T.; Lalive, P.H. Hepatocyte growth factor: A regulator of inflammation
and autoimmunity. Autoimmun. Rev. 2015, 14, 293–303. [CrossRef]

37. Bamboat, Z.M.; Stableford, J.A.; Plitas, G.; Burt, B.M.; Nguyen, H.M.; Welles, A.P.; Gonen, M.; Young, J.W.; DeMatteo, R.P. Human
Liver Dendritic Cells Promote T Cell Hyporesponsiveness. J. Immunol. 2009, 182, 1901–1911. [CrossRef]

38. Rastellini, C.; Lu, L.; Ricordi, C.; Starzl, T.E.; Rao, A.S.; Thomson, A.W. Granulocyte/macrophage colony-stimulating factor-
stimulated hepatic dendritic cell progenitors prolong pancreatic islet allograft survival. Transplantation 1995, 60, 1366–1370.

39. Wake, K. “Sternzellen” in the liver: Perisinusoidal cells with special reference to storage of vitamin A. Am. J. Anat. 1971, 132,
429–461. [CrossRef]

40. Chou, H.-S.; Hsieh, C.-C.; Charles, R.; Wang, L.; Wagner, T.; Fung, J.J.; Qian, S.; Lu, L.L. Myeloid-Derived Suppressor Cells Protect
Islet Transplants by B7-H1 Mediated Enhancement of T Regulatory Cells. Transplantation 2012, 93, 272–282. [CrossRef]

41. Dusabineza, A.-C.; Najimi, M.; Van Hul, N.; Legry, V.; Khuu, D.N.; Van Grunsven, L.A.; Sokal, E.; Leclercq, I.A. Hepatic Stellate
Cells Improve Engraftment of Human Primary Hepatocytes: A Preclinical Transplantation Study in an Animal Model. Cell
Transplant. 2015, 24, 2557–2571. [CrossRef]

42. Katz, S.C.; Pillarisetty, V.G.; Bleier, J.I.; Shah, A.B.; DeMatteo, R.P. Liver Sinusoidal Endothelial Cells Are Insufficient to Activate T
Cells. J. Immunol. 2004, 173, 230–235. [CrossRef]

43. Diehl, L.; Schurich, A.; Grochtmann, R.; Hegenbarth, S.; Chen, L.; Knolle, P.A. Tolerogenic maturation of liver sinusoidal
endothelial cells promotes B7-homolog 1-dependent CD8+ T cell tolerance. Hepatology 2007, 47, 296–305. [CrossRef]

44. Shetty, S.; Lalor, P.F.; Adams, D.H. Liver sinusoidal endothelial cells—Gatekeepers of hepatic immunity. Nat. Rev. Gastroenterol.
Hepatol. 2018, 15, 555–567. [CrossRef] [PubMed]

45. Ge, X.; Nowak, G.; Ericzon, B.-G.; Sumitran-Holgersson, S. Liver sinusoidal endothelial cell function in rejected and spontaneously
accepted rat liver allografts. Transpl. Int. 2007, 21, 49–56. [CrossRef]

http://doi.org/10.1002/lt.20872
http://doi.org/10.1111/j.1600-6143.2004.00743.x
http://www.ncbi.nlm.nih.gov/pubmed/15707417
http://doi.org/10.1097/00007890-200005270-00012
http://www.ncbi.nlm.nih.gov/pubmed/10852594
http://doi.org/10.1111/ajt.15700
http://www.ncbi.nlm.nih.gov/pubmed/31715056
http://doi.org/10.3748/wjg.v25.i25.3123
http://doi.org/10.1002/lt.25411
http://doi.org/10.3389/fimmu.2018.02401
http://doi.org/10.1146/annurev.immunol.021908.132629
http://doi.org/10.1016/S0168-8278(98)80206-7
http://doi.org/10.1083/jcb.72.2.441
http://doi.org/10.1055/s-2001-17550
http://doi.org/10.1002/hep.510300218
http://doi.org/10.3389/fimmu.2014.00221
http://doi.org/10.1038/nri2858
http://doi.org/10.1038/pr.2017.284
http://doi.org/10.1002/lt.25718
http://doi.org/10.1016/j.autrev.2014.11.013
http://doi.org/10.4049/jimmunol.0803404
http://doi.org/10.1002/aja.1001320404
http://doi.org/10.1097/TP.0b013e31823ffd39
http://doi.org/10.3727/096368915X686788
http://doi.org/10.4049/jimmunol.173.1.230
http://doi.org/10.1002/hep.21965
http://doi.org/10.1038/s41575-018-0020-y
http://www.ncbi.nlm.nih.gov/pubmed/29844586
http://doi.org/10.1111/j.1432-2277.2007.00569.x


Int. J. Mol. Sci. 2021, 22, 4016 14 of 16

46. Mehal, W.Z.; Azzaroli, F.; Crispe, I.N. Immunology of the healthy liver: Old questions and new insights. Gastroenterology 2001,
120, 250–260. [CrossRef]

47. Gassel, H.J.; Engemann, R.; Thiede, A.; Hamelmann, H. Replacement of donor Kupffer cells by recipient cells after orthotopic rat
liver transplantation. Transplant. Proc. 1987, 19, 351–353.

48. Sun, Z.; Wada, T.; Maemura, K.; Uchikura, K.; Hoshino, S.; Diehl, A.M.; Klein, A.S. Hepatic allograft-derived Kupffer cells
regulate T cell response in rats. Liver Transplant. 2003, 9, 489–497. [CrossRef]

49. Liu, H.; Cao, H.; Wu, Z.-Y. Isolation of Kupffer cells and their suppressive effects on T lymphocyte growth in rat orthotopic liver
transplantation. World J. Gastroenterol. 2007, 13, 3133–3136. [CrossRef]

50. Chen, G.-S.; Qi, H.-Z. Effect of Kupffer cells on immune tolerance in liver transplantation. Asian Pac. J. Trop. Med. 2012, 5, 970–972.
[CrossRef]

51. Lysakova-Devine, T.; O’Farrelly, C. Tissue-specific NK cell populations and their origin. J. Leukoc. Biol. 2014, 96, 981–990.
[CrossRef] [PubMed]

52. Moroso, V.; Famili, F.; Papazian, N.; Cupedo, T.; Van Der Laan, L.J.W.; Kazemier, G.; Metselaar, H.J.; Kwekkeboom, J. NK cells can
generate from precursors in the adult human liver. Eur. J. Immunol. 2011, 41, 3340–3350. [CrossRef] [PubMed]

53. Obara, H.; Nagasaki, K.; Hsieh, C.L.; Ogura, Y.; Esquivel, C.O.; Martinez, O.M.; Krams, S.M. IFN-gamma, Produced by NK Cells
that Infiltrate Liver Allografts Early After Transplantation, Links the Innate and Adaptive Immune Responses. Arab. Archaeol.
Epigr. 2005, 5, 2094–2103. [CrossRef] [PubMed]

54. Harmon, C.; Sanchez-Fueyo, A.; O’Farrelly, C.; Houlihan, D.D. Natural Killer Cells and Liver Transplantation: Orchestrators of
Rejection or Tolerance? Arab. Archaeol. Epigr. 2015, 16, 751–757. [CrossRef]

55. Li, L.; Wozniak, L.J.; Rodder, S.; Heish, S.; Talisetti, A.; Wang, Q.; Esquivel, C.; Cox, K.; Chen, R.; McDiarmid, S.V.; et al.
A Common Peripheral Blood Gene Set for Diagnosis of Operational Tolerance in Pediatric and Adult Liver Transplantation.
Arab. Archaeol. Epigr. 2012, 12, 1218–1228. [CrossRef]

56. Cerboni, C.; Zingoni, A.; Cippitelli, M.; Piccoli, M.; Frati, L.; Santoni, A. Antigen-activated human T lymphocytes express
cell-surface NKG2D ligands via an ATM/ATR-dependent mechanism and become susceptible to autologous NK- cell lysis. Blood
2007, 110, 606–615. [CrossRef]

57. Sakaguchi, S.; Sakaguchi, N.; Asano, M.; Itoh, M.; Toda, M. Immunologic self-tolerance maintained by activated T cells expressing
IL-2 receptor alpha-chains (CD25). Breakdown of a single mechanism of self-tolerance causes various autoimmune diseases.
J. Immunol. 1995, 155, 1151–1164.

58. Bahador, A.; Hadjati, J.; Hassannejad, N.; Ghazanfari, H.; Maracy, M.; Jafari, S.; Nourizadeh, M.; Nejadeh, A. Frequencies of CD4+
T Regulatory Cells and their CD25high and FoxP3high Subsets Augment in Peripheral Blood of Patients with Acute and Chronic
Brucellosis. Osong Public Health Res. Perspect. 2014, 5, 161–168. [CrossRef]

59. Chinen, T.; Kannan, A.K.; Levine, A.G.; Fan, X.; Klein, U.; Zheng, Y.; Gasteiger, G.; Feng, Y.; Fontenot, J.D.; Rudensky, A.Y. An
essential role for the IL-2 receptor in T(reg) cell function. Nat. Immunol. 2016, 17, 1322–1333. [CrossRef]

60. Wei, X.; Zhang, J.; Gu, Q.; Huang, M.; Zhang, W.; Guo, J.; Zhou, X. Reciprocal Expression of IL-35 and IL-10 Defines Two Distinct
Effector Treg Subsets that Are Required for Maintenance of Immune Tolerance. Cell Rep. 2017, 21, 1853–1869. [CrossRef]

61. Belghith, M.; Bluestone, J.A.; Barriot, S.; Mégret, J.; Bach, J.F.; Chatenoud, L. TGF-beta-dependent mechanisms mediate restoration
of self-tolerance induced by antibodies to CD3 in overt autoimmune diabetes. Nat. Med. 2003, 9, 1202–1208. [CrossRef]

62. Bopp, T.; Becker, C.; Klein-Hessling, S.; Klein-Hessling, S.; Palmetshofer, A.; Serfling, E.; Heib, V.; Becker, M.; Kubach, J.;
Schmitt, S.; et al. Cyclic adenosine monophosphate is a key component of regulatory T cell–mediated suppression. J. Exp. Med.
2007, 204, 1303–1310. [CrossRef]

63. Tang, Q.; Vincenti, F. Transplant trials with Tregs: Perils and promises. J. Clin. Investig. 2017, 127, 2505–2512. [CrossRef]
64. Gondek, D.C.; Lu, L.-F.; Quezada, S.A.; Sakaguchi, S.; Noelle, R.J. Cutting Edge: Contact-Mediated Suppression by CD4+CD25+

Regulatory Cells Involves a Granzyme B-Dependent, Perforin-Independent Mechanism. J. Immunol. 2005, 174, 1783–1786.
[CrossRef]

65. Walker, L.S.K.; Sansom, D.M. The emerging role of CTLA4 as a cell-extrinsic regulator of T cell responses. Nat. Rev. Immunol.
2011, 11, 852–863. [CrossRef]

66. Zhang, N.; Schröppel, B.; Lal, G.; Jakubzick, C.; Mao, X.; Chen, D.; Yin, N.; Jessberger, R.; Ochando, J.C.; Ding, Y.; et al. Regulatory
T Cells Sequentially Migrate from Inflamed Tissues to Draining Lymph Nodes to Suppress the Alloimmune Response. Immunity
2009, 30, 458–469. [CrossRef]

67. Putnam, A.L.; Safinia, N.; Medvec, A.; Laszkowska, M.; Wray, M.; Mintz, M.A.; Trotta, E.; Szot, G.L.; Liu, W.; Lares, A.; et al.
Clinical Grade Manufacturing of Human Alloantigen-Reactive Regulatory T Cells for Use in Transplantation. Arab. Archaeol.
Epigr. 2013, 13, 3010–3020. [CrossRef]

68. Waldmann, H.; Adams, E.; Fairchild, P.; Cobbold, S. Infectious tolerance and the long-term acceptance of transplanted tissue.
Immunol. Rev. 2006, 212, 301–313. [CrossRef]

69. Todo, S.; Yamashita, K.; Goto, R.; Zaitsu, M.; Nagatsu, A.; Oura, T.; Watanabe, M.; Aoyagi, T.; Suzuki, T.; Shimamura, T.; et al. A
pilot study of operational tolerance with a regulatory T-cell-based cell therapy in living donor liver transplantation. Hepatology
2016, 64, 632–643. [CrossRef]

http://doi.org/10.1053/gast.2001.20947
http://doi.org/10.1053/jlts.2003.50091
http://doi.org/10.3748/wjg.v13.i22.3133
http://doi.org/10.1016/S1995-7645(12)60184-9
http://doi.org/10.1189/jlb.1RU0514-241R
http://www.ncbi.nlm.nih.gov/pubmed/25246601
http://doi.org/10.1002/eji.201141760
http://www.ncbi.nlm.nih.gov/pubmed/21830211
http://doi.org/10.1111/j.1600-6143.2005.00995.x
http://www.ncbi.nlm.nih.gov/pubmed/16095488
http://doi.org/10.1111/ajt.13565
http://doi.org/10.1111/j.1600-6143.2011.03928.x
http://doi.org/10.1182/blood-2006-10-052720
http://doi.org/10.1016/j.phrp.2014.04.008
http://doi.org/10.1038/ni.3540
http://doi.org/10.1016/j.celrep.2017.10.090
http://doi.org/10.1038/nm924
http://doi.org/10.1084/jem.20062129
http://doi.org/10.1172/JCI90598
http://doi.org/10.4049/jimmunol.174.4.1783
http://doi.org/10.1038/nri3108
http://doi.org/10.1016/j.immuni.2008.12.022
http://doi.org/10.1111/ajt.12433
http://doi.org/10.1111/j.0105-2896.2006.00406.x
http://doi.org/10.1002/hep.28459


Int. J. Mol. Sci. 2021, 22, 4016 15 of 16

70. Safinia, N.; Vaikunthanathan, T.; Fraser, H.; Thirkell, S.; Lowe, K.; Blackmore, L.; Whitehouse, G.; Martinez-Llordella, M.;
Jassem, W.; Sanchez-Fueyo, A.; et al. Successful expansion of functional and stable regulatory T cells for immunotherapy in liver
transplantation. Oncotarget 2016, 7, 7563–7577. [CrossRef]

71. Zhou, X.; Bailey-Bucktrout, S.L.; Jeker, L.T.; Penaranda, C.; Martínez-Llordella, M.; Ashby, M.; Nakayama, M.; Rosenthal, W.;
Bluestone, J.A. Instability of the transcription factor Foxp3 leads to the generation of pathogenic memory T cells in vivo.
Nat. Immunol. 2009, 10, 1000–1007. [CrossRef]

72. Lee, K.-M.; Nguyen, V.; Kang, S.-M.; Tang, Q. Attenuation of Donor-Reactive T Cells Allows Effective Control of Allograft
Rejection Using Regulatory T Cell Therapy. Arab. Archaeol. Epigr. 2014, 14, 27–38. [CrossRef] [PubMed]

73. Noyan, F.; Zimmermann, K.; Hardtke-Wolenski, M.; Knoefel, A.; Schulde, E.; Geffers, R.; Hust, M.; Huehn, J.; Galla, M.;
Morgan, M.; et al. Prevention of Allograft Rejection by Use of Regulatory T Cells With an MHC-Specific Chimeric Antigen
Receptor. Arab. Archaeol. Epigr. 2017, 17, 917–930. [CrossRef]

74. Gordon, J.R.; Ma, Y.; Churchman, L.; Gordon, S.A.; Dawicki, W. Regulatory Dendritic Cells for Immunotherapy in Immunologic
Diseases. Front. Immunol. 2014, 5. [CrossRef]

75. Sato, K.; Yamashita, N.; Baba, M.; Matsuyama, T. Modified myeloid dendritic cells act as regulatory dendritic cells to induce
anergic and regulatory T cells. Blood 2003, 101, 3581–3589. [CrossRef]

76. Süss, G.; Shortman, K. A subclass of dendritic cells kills CD4 T cells via Fas/Fas-ligand-induced apoptosis. J. Exp. Med. 1996, 183,
1789–1796. [CrossRef]

77. Ilarregui, J.M.; Croci, D.; Bianco, G.; Toscano, M.; Salatino, M.; Vermeulen, M.; Geffner, J.R.; Rabinovich, G. Tolerogenic signals
delivered by dendritic cells to T cells through a galectin-1-driven immunoregulatory circuit involving interleukin 27 and
interleukin 10. Nat. Immunol. 2009, 10, 981–991. [CrossRef]

78. Marín, E.; Cuturi, M.C.; Moreau, A. Tolerogenic Dendritic Cells in Solid Organ Transplantation: Where Do We Stand?
Front. Immunol. 2018, 9, 274. [CrossRef]

79. Thomson, A.W.; Humar, A.; Lakkis, F.G.; Metes, D.M. Regulatory dendritic cells for promotion of liver transplant operational
tolerance: Rationale for a clinical trial and accompanying mechanistic studies. Hum. Immunol. 2018, 79, 314–321. [CrossRef]

80. Macedo, C.; Tran, L.M.; Zahorchak, A.F.; Dai, H.; Gu, X.; Ravichandran, R.; Mohanakumar, T.; Elinoff, B.; Zeevi, A.;
Styn, M.A.; et al. Donor-derived regulatory dendritic cell infusion results in host cell cross-dressing and T cell subset changes in
prospective living donor liver transplant recipients. Arab. Archaeol. Epigr. 2020. [CrossRef]

81. Zhou, Y.; Shan, J.; Guo, Y.; Li, S.; Long, D.; Li, Y.; Feng, L. Effects of Adoptive Transfer of Tolerogenic Dendritic Cells on Allograft
Survival in Organ Transplantation Models: An Overview of Systematic Reviews. J. Immunol. Res. 2016, 2016, 1–17. [CrossRef]
[PubMed]

82. Ezzelarab, M.B.; Zahorchak, A.F.; Lu, L.; Morelli, A.E.; Chalasani, G.; Demetris, A.J.; Lakkis, F.G.; Wijkstrom, M.; Murase, N.;
Humar, A.; et al. Regulatory Dendritic Cell Infusion Prolongs Kidney Allograft Survival in Nonhuman Primates. Arab. Archaeol.
Epigr. 2013, 13, 1989–2005. [CrossRef]

83. Fu, F.; Li, Y.; Qian, S.; Lu, L.; Chambers, F.; Starzl, T.E.; Fung, J.J.; Thomson, A.W. Costimulatory Molecule-Deficient Dendritic Cell
Progenitors (MHC CLASS II+, CD80dim, CD86-) Prolong Cardiac Allograft Survival in Nonimmunosuppressed Recipients12.
Transplantation 1996, 62, 659–665. [CrossRef] [PubMed]

84. Kenna, T.J.; Thomas, R.; Steptoe, R.J. Steady-state dendritic cells expressing cognate antigen terminate memory CD8+ T-cell
responses. Blood 2008, 111, 2091–2100. [CrossRef]

85. Thomson, A.W.; Ezzelarab, M.B. Regulatory dendritic cells: Profiling, targeting, and therapeutic application. Curr. Opin. Organ
Transplant. 2018, 23, 538–545. [CrossRef]

86. Lu, L.; Lee, W.C.; Takayama, T.; Qian, S.; Gambotto, A.; Robbins, P.D.; Thomson, A.W. Genetic engineering of dendritic cells to
express immunosuppressive molecules (viral IL-10, TGF-beta, and CTLA4Ig). J. Leukoc. Biol. 1999, 66, 293–296. [CrossRef]

87. Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.C.; Krause, D.S.; Deans, R.J.; Keating, A.; Prockop, D.J.;
Horwitz, E.M. Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular
Therapy position statement. Cytotherapy 2006, 8, 315–317. [CrossRef]

88. Spaggiari, G.M.; Capobianco, A.; Becchetti, S.; Mingari, M.C.; Moretta, L. Mesenchymal stem cell-natural killer cell interactions:
Evidence that activated NK cells are capable of killing MSCs, whereas MSCs can inhibit IL-2-induced NK-cell proliferation. Blood
2006, 107, 1484–1490. [CrossRef]

89. François, M.; Romieu-Mourez, R.; Li, M.; Galipeau, J. Human MSC Suppression Correlates With Cytokine Induction of In-
doleamine 2,3-Dioxygenase and Bystander M2 Macrophage Differentiation. Mol. Ther. 2012, 20, 187–195. [CrossRef]

90. Zhang, W.; Ge, W.; Li, C.; You, S.; Liao, L.; Han, Q.; Deng, W.; Zhao, R.C. Effects of Mesenchymal Stem Cells on Differentiation,
Maturation, and Function of Human Monocyte-Derived Dendritic Cells. Stem Cells Dev. 2004, 13, 263–271. [CrossRef]

91. Selmani, Z.; Naji, A.; Zidi, I.; Favier, B.; Gaiffe, E.; Obert, L.; Borg, C.; Saas, P.; Tiberghien, P.; Rouas-Freiss, N.; et al. Human
Leukocyte Antigen-G5 Secretion by Human Mesenchymal Stem Cells Is Required to Suppress T Lymphocyte and Natural Killer
Function and to Induce CD4+CD25highFOXP3+Regulatory T Cells. Stem Cells 2008, 26, 212–222. [CrossRef] [PubMed]

92. Ryan, J.M.; Barry, F.P.; Murphy, J.M.; Mahon, B.P. Mesenchymal stem cells avoid allogeneic rejection. J. Inflamm. 2005, 2, 8.
[CrossRef] [PubMed]

93. Niu, J.; Wang, Y.; Liu, B.; Yao, Y. Mesenchymal stem cells prolong the survival of orthotopic liver transplants by regulating the
expression of TGF-β1. Turk. J. Gastroenterol. 2018, 29, 601–609. [CrossRef] [PubMed]

http://doi.org/10.18632/oncotarget.6927
http://doi.org/10.1038/ni.1774
http://doi.org/10.1111/ajt.12509
http://www.ncbi.nlm.nih.gov/pubmed/24354870
http://doi.org/10.1111/ajt.14175
http://doi.org/10.3389/fimmu.2014.00007
http://doi.org/10.1182/blood-2002-09-2712
http://doi.org/10.1084/jem.183.4.1789
http://doi.org/10.1038/ni.1772
http://doi.org/10.3389/fimmu.2018.00274
http://doi.org/10.1016/j.humimm.2017.10.017
http://doi.org/10.1111/ajt.16393
http://doi.org/10.1155/2016/5730674
http://www.ncbi.nlm.nih.gov/pubmed/27547767
http://doi.org/10.1111/ajt.12310
http://doi.org/10.1097/00007890-199609150-00021
http://www.ncbi.nlm.nih.gov/pubmed/8830833
http://doi.org/10.1182/blood-2007-07-103200
http://doi.org/10.1097/MOT.0000000000000565
http://doi.org/10.1002/jlb.66.2.293
http://doi.org/10.1080/14653240600855905
http://doi.org/10.1182/blood-2005-07-2775
http://doi.org/10.1038/mt.2011.189
http://doi.org/10.1089/154732804323099190
http://doi.org/10.1634/stemcells.2007-0554
http://www.ncbi.nlm.nih.gov/pubmed/17932417
http://doi.org/10.1186/1476-9255-2-8
http://www.ncbi.nlm.nih.gov/pubmed/16045800
http://doi.org/10.5152/tjg.2018.17395
http://www.ncbi.nlm.nih.gov/pubmed/30260784


Int. J. Mol. Sci. 2021, 22, 4016 16 of 16

94. Detry, O.; Vandermeulen, M.; Delbouille, M.-H.; Somja, J.; Bletard, N.; Briquet, A.; Lechanteur, C.; Giet, O.; Baudoux, E.;
Hannon, M.; et al. Infusion of mesenchymal stromal cells after deceased liver transplantation: A phase I–II, open-label, clinical
study. J. Hepatol. 2017, 67, 47–55. [CrossRef]

95. Dillmann, J.; Popp, F.C.; Fillenberg, B.; Zeman, F.; Eggenhofer, E.; Farkas, S.; Scherer, M.N.; Koller, M.; Geissler, E.K.; Deans, R.;
et al. Treatment-emergent adverse events after infusion of adherent stem cells: The MiSOT-I score for solid organ transplantation.
Trials 2012, 13, 211. [CrossRef]

96. Takahashi, K.; Tanabe, K.; Ohnuki, M.; Narita, M.; Ichisaka, T.; Tomoda, K.; Yamanaka, S. Induction of Pluripotent Stem Cells
from Adult Human Fibroblasts by Defined Factors. Cell 2007, 131, 861–872. [CrossRef]

97. Senju, S.; Haruta, M.; Matsunaga, Y.; Fukushima, S.; Ikeda, T.; Takahashi, K.; Okita, K.; Yamanaka, S.; Nishimura, Y. Characteriza-
tion of Dendritic Cells and Macrophages Generated by Directed Differentiation from Mouse Induced Pluripotent Stem Cells.
Stem Cells 2009, 27, 1021–1031. [CrossRef]

98. Zhang, Q.; Fujino, M.; Iwasaki, S.; Hirano, H.; Cai, S.; Kitajima, Y.; Xu, J.; Li, X.-K. Generation and characterization of regulatory
dendritic cells derived from murine induced pluripotent stem cells. Sci. Rep. 2015, 4, 3979. [CrossRef]

99. Joyce, D.; Fujino, M.; Morita, M.; Araki, R.; Fung, J.; Qian, S.; Lu, L.; Li, X.-K. Induced pluripotent stem cells-derived myeloid-
derived suppressor cells regulate the CD8+ T cell response. Stem Cell Res. 2018, 29, 32–41. [CrossRef]

100. Mastoridis, S.; Martinez-Llordella, M.; Sanchez-Fueyo, A. Extracellular vesicles as mediators of alloimmunity and their therapeutic
potential in liver transplantation. World J. Transplant. 2020, 10, 330–344. [CrossRef]

101. Ono, Y.; Perez-Gutierrez, A.; Nakao, T.; Dai, H.; Camirand, G.; Yoshida, O.; Yokota, S.; Stolz, D.B.; Ross, M.A.; Morelli, A.E.; et al.
Graft-infiltrating PD-L1(hi) cross-dressed dendritic cells regulate antidonor T cell responses in mouse liver transplant tolerance.
Hepatology 2018, 67, 1499–1515. [CrossRef]

102. Aiello, S.; Rocchetta, F.; Longaretti, L.; Faravelli, S.; Todeschini, M.; Cassis, L.; Pezzuto, F.; Tomasoni, S.; Azzollini, N.;
Mister, M.; et al. Extracellular vesicles derived from T regulatory cells suppress T cell proliferation and prolong allograft survival.
Sci. Rep. 2017, 7, 1–19. [CrossRef]

103. Elsharkasy, O.M.; Nordin, J.Z.; Hagey, D.W.; De Jong, O.G.; Schiffelers, R.M.; El Andaloussi, S.; Vader, P. Extracellular vesicles as
drug delivery systems: Why and how? Adv. Drug Deliv. Rev. 2020, 159, 332–343. [CrossRef]

http://doi.org/10.1016/j.jhep.2017.03.001
http://doi.org/10.1186/1745-6215-13-211
http://doi.org/10.1016/j.cell.2007.11.019
http://doi.org/10.1002/stem.33
http://doi.org/10.1038/srep03979
http://doi.org/10.1016/j.scr.2018.03.009
http://doi.org/10.5500/wjt.v10.i11.330
http://doi.org/10.1002/hep.29529
http://doi.org/10.1038/s41598-017-08617-3
http://doi.org/10.1016/j.addr.2020.04.004

	Introduction 
	Historic Overview 
	Liver’s Unique Tolerogenicity and the Role of Liver-Resident Cells 
	Liver MSCs 
	Liver DCs 
	HSCs 
	LSECs 
	KCs 
	Hepatic NK Cells 
	Candidates for Cellular Therapy 
	Tregs 
	DCregs 

	MSCs 
	Future: Where do We Go from Here? 
	Conclusions 
	References

