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A comparison of pre-clinical transplant models and of solid organs transplanted in
routine clinical practice demonstrates that the liver is most amenable to the development
of immunological tolerance. This phenomenon arises in the absence of stringent
conditioning regimens that accompany published tolerizing protocols for other organs,
particularly the kidney. The unique immunologic properties of the liver have assisted
our understanding of the alloimmune response and how it can be manipulated to
improve graft function and survival. This review will address important findings following
liver transplantation in both animals and humans, and how these have driven the
understanding and development of therapeutic immunosuppressive options. We will
discuss the liver's unique system of immune and non-immune cells that regulate
immunity, yet maintain effective responses to pathogens, as well as mechanisms
of liver transplant tolerance in pre-clinical models and humans, including current
immunosuppressive drug withdrawal trials and biomarkers of tolerance. In addition,
we will address innovative therapeutic strategies, including mesenchymal stem cell,
regulatory T cell, and regulatory dendritic cell therapy to promote liver allograft tolerance
or minimization of immunosuppression in the clinic.

Keywords: liver transplantation, immune tolerance, mechanisms, cell therapy, immunosuppression withdrawal

INTRODUCTION

The location and anatomy of the liver, positioned between the gastrointestinal tract and the
systemic circulation, allows it to conduct its functions of digestion, synthesis of plasma proteins
and detoxification (1). Circulating blood from the gastrointestinal tract enriched with food antigens
(Ags) and environmental microbial products, including endotoxin, converge in the liver portal vein
(2). The hepatic artery, which provides about 20% of the liver blood supply, and the hepatic portal
vein mix in the liver to create sinusoids. Liver sinusoidal endothelial cells (LSEC) are located in
the space of Dissé and form an immediate barrier between the hepatocytes and the bloodstream
(1, 3). The non-parenchymal cell populations including dendritic cells (DC), Kupfter cells (KC),
and LSEC constitute the hepatic reticulo-endothelial system, which is responsible for clearing Ags
and degradation of toxins from sinusoidal blood by uptake through endocytic receptors (1). The
cross-talk between T cells and liver parenchymal cells, including LSEC, hepatocytes, hepatic stellate
cells, and cholangiocytes, plays a crucial role in tolerance induction (4).
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“Spontaneous” liver transplant tolerance has been
demonstrated in both animals and humans, however, the
mechanisms that underlie development of tolerance to the liver
but not to other solid organ grafts are still not well-understood.
We will summarize recent research findings, focusing on (i)
the specific contributions of immune cells, mesenchymal stem
cells (MSC) and parenchymal cell subsets that promote a
tolerogenic microenvironment within the liver, (ii) mechanisms
of organ-specific tolerance, and (iii) novel strategies to predict
and promote liver transplant tolerance.

INTRAHEPATIC IMMUNE CELLS
INTERACT WITH LIVER PARENCHYMAL
CELLS TO GENERATE A TOLEROGENIC
MICROENVIRONMENT

Unlike conventional DC in secondary lymphoid tissue, both
mouse and human liver DC display tolerogenic properties (5-8).
Liver DC express comparatively low levels of Toll-like receptor
4 (TLR4) that limits their response to specific ligands, leading
to reduced hepatic adaptive immune response (8). Similarly,
freshly-isolated, unmanipulated murine liver non-conventional
plasmacytoid DC (pDC) express low levels of co-stimulatory
molecules and weakly stimulate T cell responses (9, 10). Liver
pDC prevent oral T cell priming through inducing anergy or
deletion of circulating T cells via a CD4" T cell-independent
mechanism (11). Monocytes cultured with hepatocyte growth
factor or liver epithelial cells can differentiate into DC that
release high levels of IL-10 (12, 13), suggesting that the hepatic
microenvironment modulates DC differentiation into regulatory
subsets (14).

KC located in the hepatic sinusoids are recognized as
tissue-resident macrophages, originally derived from the blood
monocytes (2). KC can phagocytose apoptotic cells and
microorganisms, and therefore function similarly to other organ-
based macrophages (2, 15). KC are also involved in portal venous
tolerance, where Ag administration into the portal vein induces
specific tolerance to that Ag. The mechanism for this type of
tolerance appears to be KC-based release of IFN-y-stimulated
nitric oxide (NO) that inhibits T cell proliferation (16). KC
treated with gadolinium chloride prevented the induction
of portal venous tolerance by inhibiting Ag presentation to
lymphocytes, supporting the notion that both Ag presentation
to and stimulation of lymphocyte proliferation are necessary
for tolerance induction (17). In human studies, a greater
number of KC typically found in younger living donors predicts
better hepatic allograft survival compared to elderly living
donors, suggesting that KC in the donor liver are a relevant
prognostic factor influencing post-transplant outcomes (18).
Graft- infiltrating DC and KC were also shown to be increased
during and after rat liver transplant tolerance induction, again
suggesting a possible important role for these cells in shaping the
host immune response toward tolerance (19).

Mouse LSEC express the mannose receptor and the scavenger
receptor to enhance Ag uptake, and also express co-stimulatory
molecules, including CD40, CD80, and CD86 that facilitate

Ag presentation and T cell stimulatory function (20). Human
LSEC constitutively express CD40, but CD80/CD86 is inducible
and expressed during inflammation (21). Therefore, murine
and human LSECs might function differently. Mouse LSEC
can present circulating exogenous Ags to CD4" T and CD8"
T cells, resulting in Ag-specific T cell tolerance, but not Thl
responses (22, 23). LSEC synthetic and endocytic function has
been shown to be greater in spontaneously tolerant rat liver
allografts compared to those that were rejected (24). LSEC lectin
uniquely recognizes activated T cells and negatively regulates
their responses (25). In addition, the threshold of Ag expression
within the liver is the dominant factor determining T cell fate,
rather than Ag cross-presentation, since low-level hepatocyte
expression of cognate Ag generates an effector response that
becomes functionally silenced at a high level of the same Ag (26).

Regarding lymphocytes, the hepatic CD8': CD4™ T cell ratio
is higher compared to peripheral blood (27), and both natural
killer (NK) and natural killer T (NKT) cells are present at a
higher percentage (of total cells) compared to that in secondary
lymphoid organs. In contrast to T cells activated by splenocytes,
T cells activated by hepatocytes lose cytolytic function after 3
days of co-culture and fail to survive (28). The mechanism
of hepatocyte-induced T cell death is neither Fas (CD95)- nor
tumor necrosis factor (TNF) receptor-dependent, suggesting a
type of apoptosis known as passive cell death (29). In both murine
and human liver transplantation, T cell infiltration into allografts
is followed by their apoptosis (30, 31). Mouse liver CD8" T cells
are also programmed to die following intrahepatic activation in
a pro-apoptotic protein Bim-dependent manner (32). However,
the molecular recognition events that induce apoptosis of graft-
infiltrating T cells, and the reason why this phenomenon occurs
within the liver, but not other allografts is unclear (30, 33).

Mesenchymal stem (stromal) cells (MSC) display unique
immunosuppressive and anti-inflammatory properties that may
modulate allograft outcomes. Adult liver-derived MSC are
negative for human leukocyte Ag class II (HLA-II) and the
co-stimulatory molecules, including CD80 and CD86, which
can inhibit the proliferation of T cells activated by mitogen
(34). Interestingly, liver graft-derived MSC have greater capacity
to suppress allo-reactive T cell proliferation and cytotoxic
degranulation than bone marrow-derived MSC (BM-MSC) (35),
as well as significantly higher levels of immune-regulatory genes
than adipose tissue-derived MSC and BM-MSC, that depend on
programmed cell death ligand 1(PDL1) expression (36) for their
ability to subvert T cell response.

COMPARING THE INTRINSIC
TOLEROGENICITY OF THE LIVER GRAFTS
IN ANIMALS AND HUMANS

In the first report showing spontaneous tolerance induction by
liver transplantation, pig hepatic allografts demonstrated long-
term survival without immunosuppression, protecting other
donor-specific tissue but not third-party organs from rejection
(37). This phenomenon was subsequently replicated in pre-
sensitized rats that failed to reject donor liver grafts, inducing
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TABLE 1 | A comparison of the intrinsic tolerogenicity of liver grafts with other transplanted organs in animals and humans.

Species Donor/recipient Graft survival time References
Liver Kidney Heart Skin Co-D-Skin Co-T-Skin
Mouse C57BL/6—BALB/c 70% > 100d 39.3+3.1d 83+1.6 <10d 80% > 100 d 18+5d (42, 44-48)
BALB/c—CBA 57% > 100d 75+15d 8.6 +0.9 85+15d / /
C57BL/6—C3H/HeN 73% > 100 d 75+15d 8.1+0.8 10.6 +0.9 / /
Rat DA—PVG 80% > 100d 12d 8d 6+2d 75% > 100 d 8+ 1 (38, 49-52)
Pig Landrace— Landrace >18 month 7d 6.5+ 1.5d 9+3d >24d 11+4d (87, 583, 54)
NHPs Cynomolgus <7 months <2 wks <2 wks 6+1d / / (55-58)
monkeys— cynomolgus
monkeys
Human Liver allograft achieved “operational tolerance” (59-63)
Advantage of liver co-transplant: protection to kidney and heart grafts (64-67)

Co-D-Skin, Co-transplant donor derived skin with liver; Co-T-Skin, Co-transplant third-party skin with liver; d, days; NHPs, non-human primates; wks, weeks.

Ag-specific tolerance in 50% of recipients (38). To avoid the
toxicities of irradiation in a sick liver failure recipient, delayed
tolerance induction has been promoted when the recipients have
recovered post-operatively. An ACI-to-Lewis rat (allogeneic)
liver transplant model developed chronic rejection, however,
in the same strain combination, liver recipients receiving
100 x 10° T cell-depleted donor BM cells at 3-4 weeks post-
transplant followed by tacrolimus withdrawal became tolerant.
Mechanistically, this delayed tolerance induction is associated
with increased mixed chimerism, Treg generation, and decreased
donor-specific antibody (DSA). However, the authors did not
investigate key mechanisms underlying the development of
delayed tolerance (39). Allogeneic liver transplantation from
DA-to-Lewis rats receiving post-transplant total lymphoid
irradiation, which is a non-myeloablative regimen to induce
graft-infiltrating T cell apoptosis and subsequent accumulation
of Treg, also induced tolerance (40). The micro RNA (miRNA)
profile in these tolerant allografts was similar to syngeneic
grafts, indicating that tolerance potentially returned recipients
to a state of immunological quiescence (40). Tolerance to
liver transplants in rats can subsequently induce tolerance to
intestinal allografts by hampering the expression of IL-2 receptor
on recipient CD8af™ lymphocytes in the lamina propria and
reducing recruitment of NK cell and macrophages (41).

Spontaneous liver transplant tolerance between MHC-
disparate murine strain combinations is significantly higher
than that seen with kidney or heart allografts (42-44), and
is summarized in Table1l. In the murine orthotopic liver
transplantation model (68), allografts were accepted in 13
mouse strain combinations that showed evidence of donor
cell chimerism (42). Mouse liver allografts can rescue donor-
specific skin transplants from rejection, either pre- or post-liver
transplant (42).

Human liver allograft “operational tolerance” has also been
described and reviewed by many investigators (59-63, 69).
Hepatic allografts protect simultaneously transplanted kidney
allografts from the same donor from chronic cell- and antibody-
mediated immune injury, resulting in better graft function
compared with kidney transplant alone (64, 65). Combined

liver and heart transplantation shows less evidence of cardiac
allograft vasculopathy than isolated heart transplantation when
detected by coronary three-dimensional volumetric intravascular
ultrasound (66). Simultaneous liver-heart transplantation also
showed reduced T cell-mediated rejection compared with cardiac
transplantation alone (67).

The question of why only the liver displays inherent
tolerogenicity is worthy of consideration. The naive mouse liver
has a greater number of DC than other parenchymal organs,
such as heart, kidney, and pancreas (70). Recent findings reveal
that DBA2] pDC are more powerful in inducing forkhead
box p3 (Foxp3) expression in C57BL6T cells and promoting
kidney graft tolerance than the reverse combination. This
suggests that the organ- and strain-specific differences exist that
determines tolerance (71). In human studies, donor-reactive T
cell clones were reduced in three tolerant combined kidney
and BM transplant recipients, but not in non-tolerant patients
(72). However, the same group further reported that donor-
reactive T cell clone reduction was not associated with liver graft
tolerance or failure, again highlighting organ-specific tolerance
mechanisms in patients (73).

UNDERSTANDING THE MECHANISMS OF
EXPERIMENTAL LIVER TRANSPLANT
TOLERANCE

The literature on mechanisms that underlie liver allograft
acceptance in rodent models is extensive, but centers
on immunoregulation, and an intrinsic balance between
leukocyte, non-parenchymal-parenchymal cell ratios, effector,
and regulatory T cells, Ag-presenting cell phenotype, and
function, as well as cross-talk between cellular compartments.
The identification of molecular pathways that alter
immunoregulation provides promising potential therapeutic
avenues for clinical application. Liver transplant acceptance
is also characterized by donor-specific hypo-responsiveness,
mimicking the tolerance arising from chimerism following BM
transplantation. The development of liver allograft tolerance
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FIGURE 1 | Mechanisms underlying experimental liver transplant tolerance. Hepatic immune and parenchymal cells interact with each other to generate a tolerogenic
microenvironment. Liver dendritic cells (DC) express low levels of Toll-like receptor 4 (TLR4) and co-stimulatory molecules, but high levels of PDL1, weakly stimulate T
cell responses, and promote regulatory CD4™ T cells (CD4 Treg) induction through TGF-B. Liver DC release high levels of IL-10, but low bioactive IL-12. Liver DC
prevent T cell priming of orally-administered Ag through anergy or deletion of circulating T cells. Graft-infiltrating, cross-dressed DC over-express PDL1 and subvert
anti-donor T cell proliferation to promote liver graft tolerance. The DNAX-activating protein of 12 kDa (DAP12) negatively regulates liver DC IL-12 production, but
positively regulates liver DC IL-10 production and T cell allostimulatory capability. Kupffer cells can release IFN-y-stimulated nitric oxide (NO) to inhibit T cell

Understanding Liver Transplant Immune Tolerance

proliferation and produce IL-10 and TGF-8 to promote tolerance. Liver sinusoidal endothelial cells (LSEC) present circulating exogenous antigens to T cells, resulting in

Ag-specific T cell tolerance. LSEC and hepatic stellate cells (HSC) induce T cell apoptosis through PDL1/PD1 pathway interactions. The mechanism of

hepatocyte-induced T cell death occurs through a type of apoptosis known as passive cell death (PCD). Exosomes derived from hepatocytes may also be critical to a

tolerogenic phenotype. Mesenchymal stromal cells (MSC) suppress T cell proliferation and differentiation through cell-cell contact that is mediated by PDL1.

appears to be independent on the thymus (74, 75). Current
experimental results favor deletion of alloreactive T cells
occurring within the organ and secondary lymphoid tissue,
leading to a reduced burden of effector cells. Hepatic DC differ
in their maturation state and allostimulatory capacity compared
to DC isolated from other solid organs (76), and their capacity
to modulate T cell function is well-known. However, the relative
contribution of innate immune subsets like DC and NK cells has
not been characterized.

Regardless of strain combination in rodent
transplantation models, spontaneous tolerance appears to
be induced by the graft itself, with liver-derived cell populations
silencing the host immune response (77) (Figure1). This
feature is strain- and organ-specific: Lewis rat liver allografts
demonstrate prolonged survival in DA recipients, although
the reverse combination results in acute rejection. Rejection
has been characterized by hepatocyte death, but allograft
acceptance is associated with apoptotic mononuclear cells and
upregulated FasL parenchymal expression. Irradiated Lewis
rat donor livers lost tolerogenic capacity highlighting the
role of hepatic passenger leukocytes (77). Donor passenger

liver

leukocytes, particularly T cells, but not B cells and macrophages,
prolong irradiated donor liver allograft survival in the PVG-
to-DA combinations, but reject transplanted heart grafts
(78). Adoptive transfer of donor leukocytes or splenocytes
re-establishes recipient tolerance, but not following T cell
depletion. Interestingly, when two kidneys and two hearts of
PVG rats were transplanted into each DA recipient, along with
adoptive transfer of high dose donor leukocytes (1.5 x 10%),
transplanted organs were accepted, suggesting that liver-derived
spontaneous transplant tolerance may be determined by the ratio
of donor leukocytes to the quantity of donor tissues (78). Donor
passenger leukocytes from transplanted liver grafts migrate
rapidly into recipient lymphoid tissues, but their numbers
decrease dramatically within the first 48 h (79), accompanied
by deletion of alloreactive CD8' T cells. Higher levels of
apoptosis of infiltrating leukocytes within liver allografts are seen
compared to renal allografts in the same rat strain combination
(PVG-to-DA) (80). T cell clonal deletion (81, 82) was initially
proposed as the cause of liver allograft acceptance. However,
lymphocytes from long-term survival recipients demonstrate
vigorous Ag-specific responses in vitro (83). Donor liver
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leukocyte-induced recipient T cell death by neglect also appears
to be responsible for liver acceptance (77, 84). Deletion of donor
passenger leukocytes by irradiation of the donor rat followed by
liver transplantation breaks allograft acceptance (85). However,
other studies have failed to confirm that the presence of donor
passenger leukocytes is associated with allograft tolerance (86).

T cell apoptosis in the liver graft plays a crucial role in
tolerance. Interferon (IFN)-y is a key inflammatory cytokine
produced by effector T cells. Surprisingly, IFN-y knockout
liver allografts are acutely rejected (87), suggesting that intact
signaling is necessary for graft tolerance. T cell-derived IFN-
y signaling results in hepatic stellate cell and LSEC expression
of PDLI, inducing T cell apoptosis through the PDL1/PD1
pathway (88). Functional assessment of these cells isolated
from tolerated liver grafts demonstrated inhibition of T cell
proliferative responses, particularly those of CD8" T cells. These
findings were replicated in human CD45~ non-parenchymal
cells that limited peripheral blood mononuclear cell (PBMC)-
derived T cell proliferation. Blocking this pathway using anti-
PDL1 antibody (Ab) or using PDL1 knockout mice as donors
resulted in allograft rejection, highlighting the essential role of
PDLL1 expression in the liver parenchyma to regulate apoptosis
of alloreactive cells (89). Cytotoxic T-lymphocyte-associated
protein 4 (CTLA4) blockade prevents T cell apoptosis and
induces acute rejection, suggesting such signaling is also a
pre-requisite for spontaneous mouse liver transplant tolerance
(90). Anti-CTLA4 treatment enhances NK cell cytotoxicity, and
augments IL-2 and IFN-y in both graft and recipient spleen,
in keeping with lack of alloreactive T cell death. Galectin-1, an
endogenous lectin expressed in lymphoid organs, is upregulated
in liver allografts and administration of recombinant protein
significantly prolongs liver allografts. This was associated with
enhanced CD4" and CD8' T cell apoptosis in the graft
itself and recipient spleen and suppression of Th1/Th17 cell
responses. There was no suggestion of modulation of regulatory
effects by altering CD4TCD257FoxP3% T cell numbers (91).
Overexpression of galectin-1 in T cells promotes the activation
of hepatic stellate cells that contribute to tolerance (92).

Regulatory T cells (CD4+tCD25"FoxP3" Treg) have been
demonstrated to increase significantly in the recipient liver
graft and spleen. Moreover, depletion of recipient CD4*CD25%
T cells using anti-CD25 (IL-2Ra) Ab reduces apoptosis of
graft-infiltrating CD4" and CD8" T cells, leading ultimately
to liver allograft rejection (93). These findings highlight the
roles of both CD4" Tregs (94, 95) and apoptosis of graft-
infiltrating T cells in liver transplant tolerance induction.
The CD8TCD103™ T cell subset possess suppressive function
and also contributes to spontaneous liver graft tolerance,
but the specific mechanism of action remains unclear (96).
IEN-y deficient liver allografts that reject around day 15
post-transplant show similar levels of Tregs but less T cell
apoptosis compared to wild-type allografts, suggesting that T
cell elimination may be the more critical factor (88). These
data are further supported by observations in a BI10-to-
C3H mouse liver transplant model which showed that T cell
deletion, not regulation, was responsible for spontaneous graft
acceptance (30).

The role of NK cells in organ transplantation is still
controversial (97-100). NK cells have been identified as a
potential predictor of liver transplant tolerance (101). There are
multiple potential mechanisms of action including direct lysis
of recipient CD4" and CD8" T cells (102), deletion of Ag-
presenting cells (103), and CD8" T cell hypo-responsiveness
(104) which have been summarized elsewhere (99). However,
NK cells in rat liver allografts can also promote rejection by
producing IFN-y in the early post-transplant period (105).

Host DC acquire donor major histocompatibility complex
(MHC) molecules after mouse orthotopic liver transplant, to
appear as “cross-dressed” DC (CD-DC). Graft-infiltrating CD-
DC expressed PDL1 and IL-10 that subvert anti-donor T cell
responses and promote death of graft-infiltrating CD8' T cells
to promote liver graft tolerance (106). The transmembrane
immuno-adaptor DNAX-activating protein of 12 kDa (DAP12)
has been shown to negatively regulate conventional liver myeloid
DC maturation, migration to host lymphoid tissue, and T cell
allo-stimulatory capability (107, 108). DAP127/~ liver grafts
exhibit low levels of Tregs and fail to induce liver transplant
tolerance (107).

The balance of pro- and anti-inflammatory cytokines as
well as other molecules within the hepatic microenvironment
can crucially influence adaptive immune responses. Intrahepatic
IL-4 transcripts were significantly lower in tolerated rat liver
allografts compared to rejected allografts, however, no significant
differences were observed for other cytokines (including IL-1a,
IL-2,1L-6, IL-10, TNF-a,, TNF-, and transforming growth factor
B (TGF-B) (109). IL-4 injection after rat liver transplantation
converts allograft tolerance to rejection partially through a graft-
specific antibody response (110). In the murine tolerant liver
allograft, expression of miRNA-146a, 15b, 223, 23a, 27a, 34a, and
451 is upregulated compared to syngeneic grafts, suggesting a
role for miRNA in tolerance induction (111). Expression of lectin
galactose-binding soluble 1, fibrinogen-like protein 2 (Fgl2), the
ectoenzyme CD39, phosphodiesterase 3B, killer cell lectin-like
receptor G1 (Klrgl), Foxp3, and TGF-B, have all been shown to
increase at 8-14 days following murine liver transplantation and
promote tolerance to the allografts (112). However, the cellular
origins of these factors are non-specific and may represent
a combined signal from hepatocytes, infiltrating leukocytes,
and non-parenchymal cells. The use of cutting-edge single-
cell sequencing techniques will allow us to improve on these
preliminary findings.

MONITORING AND PREDICTION OF
CLINICAL LIVER TRANSPLANT
TOLERANCE

Development of non-invasive biomarkers as diagnostic tools to
define graft tolerance remains an important area of research in
liver transplantation (113). Reliable, non-invasive biomarkers to
predict graft rejection are not currently available, but are urgently
needed (63). A prospective, longitudinal, international multi-
center cohort study on immune monitoring after pediatric liver
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transplant is ongoing (114), and will provide much-needed data
discovery and validation.

In order to investigate immunologic mechanisms elicited by
immunosuppression (IS) withdrawal, 24 operationally tolerant
recipients and 14 non-tolerant recipients were selected for
analysis of T cell subset infiltration and gene expression
pattern in protocol liver biopsy specimens prior to weaning,
as well as 1 and 3 years after IS withdrawal. Treg reduction
to baseline levels in liver biopsies, in addition to down-
regulation of immune activation-associated genes at 3 years
post-withdrawal in the context of no graft damage, suggested
a balanced immune response in tolerant recipients (115). The
dynamic profile of Treg in liver transplant recipients during
IS weaning was explored by monitoring the frequency of Treg
and Foxp3 mRNA expression in PBMC in 12 liver transplant
patients undergoing IS withdrawal. A progressive increase
in circulating CD4TCD25"Foxp3™ Treg and Foxp3 mRNA
expression was associated with operational tolerance in liver
transplant recipients (14, 116). The expression of adenosine
deaminase, which degrades adenosine to evoke stronger Treg
activation, was higher in five tolerant liver transplant patients
compared to the 12 non-tolerant recipients. These data indirectly
indicate that adenosine deaminase potentially predicts liver
transplant tolerance through targeting Treg (117). Using single-
cell mass cytometry to detect immune profiles in peripheral
blood of seven operational tolerant pediatric recipients and eight
pediatric recipients on low dose single agent IS, a specific CD4*
T cell subset that is CD4TCD5+CD257CD38~/°¥CD45RA ™,
distinct from Treg, correlated with liver allograft tolerance. This
specific T cell subset lacks both CD45RA and stable Foxp3
expression, but expresses CD5 that has been shown to be crucial
in promoting Treg induction (118).

Immune cell ratios and their balance can predict tolerance
vs. rejection. A comparison of 19 liver transplant patients
on IS, operationally tolerant liver transplant recipients or 24
age-matched healthy volunteers demonstrated an increased
frequency of CD4TCD25™ T cells and B cells, altered V31/V32y3
T cell ratio, but decreased NK cells in PBMC in operationally
tolerant patients (119). The ratios of Treg/Th17, Th1/Th17, and
CD87/Th17 cells were increased in tolerant patients compared
with non-tolerant patients during immunosuppression tapering.
The elevated Treg/Th17 ratio continued over 60 months follow-
up in tolerant patients, indicating a reciprocal balance between
Treg and Thl7 that may contribute to the development and
maintenance of tolerance (120). Tolerant liver recipients also
exhibit greater numbers of CD4+tCD25% T cells and V81+ T
cells in the circulation compared to non-tolerant patients and
healthy individuals (121). Adult liver allografts also contain
a small population of hematopoietic stem/progenitor cells
(Lin~CD347CD38~CD90") that may promote long-term (6
months to 8 years) chimerism in the graft (122). The ratio of
DC precursors CD11c~CD123" (pDC2) to CD11cCD123 /1%
(pDC1) was also significantly higher in 36 patients undergoing
successful drug weaning compared to those 21 patients on
maintenance immunosuppression, regardless of the dose of
prednisone or tacrolimus. These data suggest that pDC2
that can polarize naive Th cell toward a Th2 phenotype

may drive tolerance induction (123). In a further study, 13
tolerant liver transplant recipients showed an elevated ratio of
plasmacytoid DC (pDC) to myeloid DC compared to those 12
patients remaining on immunosuppression. Additionally, a high
PDL1/CD86 ratio on pDC correlated with increased Treg and
correlated with pediatric liver allograft tolerance (124).

Gene expression of sentrin-specific peptidase 6 (SENP6)
and Fem-1 homolog C (FEM1C) were shown to be predictive
biomarkers of liver transplant tolerance in a single cohort of
17 liver transplant recipients (125). At least 13 unique gene
sets, including SENP6 that is associated with NK cells, were
significantly expressed in adult and pediatric liver transplant
patients, which showed a prediction for tolerance (126). This
conclusion was supported by previous findings of differential
gene expression between tolerant and non-tolerant transplant
recipients within the NK cell compartment despite no clear
differences in absolute cell number between these patient groups
(101). The intra-liver allograft gene expression involved in the
regulation of iron homeostasis is more active in operationally
tolerant patients compared to non-tolerant recipients and
independent of baseline immunosuppression (127). However, the
iron-related markers were poor predictors for drug withdrawal
in hepatitis C virus (HCV)-infected liver transplant recipients
(128), which could be due to inhibition of hepcidin expression
by HCV (129). Regardless, the blood gene expression was not
sensitive enough to distinguish rejection vs. HCV-infection (130).
However, type I IFN-stimulated gene overexpression within
liver allografts of HCV-positive recipients, along with circulating
PD1/CTLA4/2B4-positive HCV-specific CD8" exhausted T
cells, were associated with liver graft operational tolerance
induction (128).

Single-cell RNA sequencing (scRNAseq) can provide a
comprehensive map to characterize human hepatic immune cell
populations and also non-parenchymal cells (131), and it is
anticipated that it may prove helpful in predicting liver transplant
rejection vs. tolerance capacity in the near future. However,
before validated accurate, non-invasive biomarkers are available,
histopathological findings remain the gold standard to determine
the management of immunosuppression (132).

ONGOING AND NOVEL THERAPEUTIC
APPROACHES TO PROMOTE LIVER
TRANSPLANT TOLERANCE IN PATIENTS

Life-long immunosuppression and its accompanying burden of
increased morbidity and mortality has prompted interest in
immunosuppressive drug withdrawal (133). In the first multi-
center trial of drug withdrawal in adult liver transplant recipients,
41.84% of evaluated recipients were successfully weaned from
immunosuppression at least 3 years post-transplantation (134).
In the first multi-center immunosuppression withdrawal trial in
pediatric recipients of parental living donor liver transplantation,
complete cessation of immunosuppressive agents for at least 1
year showed normal graft function and stable liver graft biopsies
(60). The majority of these promising clinical trials have been
documented in detail elsewhere (132, 135).
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TABLE 2 | Strategies to promote liver transplant tolerance using cell therapy in the clinic.

Cell type: Phase NCT number Date* Donor Number of  Infusion Cell Cell Outcomes/status References®*

Authors Patients time dose(s) source

MSC

Popp et al. (149) NCT01841632 Nov. DD 3-24 POD 2 doses, Third Party The study objective is to evaluate the safety (149)
2011 1and 3 300 x 106 BM-MAPC and clinical feasibility

Detry etal. (150) Gl NCT01429038 Mar. DD 10 POD 3 doses, Third Party No side effect of infusion. Tolerance was (150)
2012 3+2 1.5-3 x 108/kgBW  MSC not observed

Zhang etal. (151) NCT02223897 Jan. & 12 Weeks 1, 2, 4,8, 6 doses, UC-MSC No MSC-related side effects. Better graft (151)
2013 with [TBL 12, 16 after 1 x 106/kg BW survival than the control group

recruitment

Qi Zhang et al. ] NCT01844063 Jul. & 210 with & & UC-MSC Recruiting &
2013 graft failure

Yang et al. ] NCT02706132 Feb. & 15 & 6 doses, MSC Recruiting &
2014 1 x 106/kg BW

Lorini et al. NCT02260375 Oct. & 20 & 1 dose, Third Party Recruiting &
2014 1-2 x 10%/kg BW BM derived

MSC

Soeder et al. (152) | NCT01841632 Jun. Living 1 POD 2 doses, MAPC No acute complications with cell infusion. (152)
2015 Oand?2 300 x 106 Normal liver function.

Rutgers et al. | NCT02557724 Sep. Living & & & & Recruitment completed &
2015

Sturm et al. NCT02957552 Mar. Living 7 POD 2 doses, Donor Recruiting (153)
2017 Oand 2 1 x 10%/kg BW BM-MSC

Shi et al. (154) -1l NCT01690247 Sep. DD 13 Rejection 1 dose, UC-MSC No side effects. ALT decreased with (154)
2017 with ACR time 1 x 10%/kg BW increased Treg/Th17 ratio in the grafts

compared with no infusion control

Treg

Todo et al. (155) Il UMINO00015789 Nowv. Living 10 POD 13 1 dose, Donor No side effects; Normal graft function in all (155)
2010 0.23-6.37 x 10%/kg  Lymphocytes patients. Seven patients withdrew IS and

BW three patients developed ACR during
weaning IS. No control group data.

Lombardi et al. =l NCT02129881 May. Living 15 POD 5 1 dose, Host blood Recruitment completed &
2014 1 x 108/kg BW derived Treg

Feng et al. NCT02188719 Dec. & 15 & & darTregs Terminated &
2014

Lu et al. (96) NCT01624077 Dec. Living 1 POD 1 x 106/kg BW Host blood Active, not recruiting &
2014 0-2 years derived Treg

Feng et al. -1 NCT02474199 Jun. Living 14 POM 24-84 300-500 x108/kg BW  Host blood Recruitment completed &
2016 derived Treg

Curry et al. Il NCT02739412 Nov. & 7 & & & Active, not recruiting &
2016

Sanchez-Fueyo Y NCT02949492  Dec. & 6 POY 2-6 & & Terminated &

et al. (156) 2017

(Continued)
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ACR, acute cellular rejection; BM, bone marrow; BM-MAPC, bone marrow-derived-multipotent adult progenitor cells; BM-MSC, bone marrow-derived mesenchymal stem cells; BW, body weight; darTregs, donor-alloAg-reactive

regulatory T cells; DBD, donation after brain death; DCD, donation after circulatory death; DCreg, regulatory dendritic cells; DD, deceased donation; IS, immunosuppression; ITBL, ischemic-type biliary lesions; Kg, Kilogram; M, million;

MAPC, multipotent adult progenitor cells; MSC, mesenchymal stem cell; N, number; NCT, National Clinical Trial; NIAID, National Institute of Allergy and Infectious Diseases; POD, post-operative days. POM, post-operative months, POY,

post-operative years; Ref, reference; UC-MSC, umbilical cord derived mesenchymal stem cell.

&means data not available or unpublished.

*Date means the trials released date or patient enrolled date or paper published date as reference indicated.

& Unpublished data come from ClinicalTrials.gov (https://clinicaltrials.gov/ct2/home) or UMIN Clinical Trials Registry (http://www.umin.ac.jo/ctr/index.htm).

Several factors could potentially affect the outcomes of
drug withdrawal. The interval between transplantation and
initiation of drug withdrawal appears to be one of the most
powerful clinical predictors of success (136, 137), as a longer
post-transplant period (131 £ 43 vs. 83 £ 40 months) may
establish better host-graft adaptation (134). Over 60% of liver
transplant recipients with a longer time interval (156 months
post-transplant) and a lower lymphocyte proliferation index
became clinically tolerant at a median of 14 months of follow-
up (138). Younger recipients at the time of transplantation
had better outcomes and a higher possibility of successful
weaning compared to older recipients (139, 140), suggesting
that an “adapted” or “inexperienced” immune system was
important in drug withdrawal (141). Immunosuppression,
including high-dose antithymocyte globulin (ATG) induction
followed by short-term rapamycin withdrawal at an early time-
point (4 month post-transplant) failed to induce operational liver
transplant tolerance, which was associated with CD8* memory T
cell expansion and elevated IL-17" cell infiltration in liver grafts
(142). Moreover, fewer donor-recipient human leukocyte antigen
(HLA)-A-, B-, and DR-mismatches, and a lower incidence of
early rejection were associated with successful drug withdrawal
in a 3 year follow-up of 18 liver transplant recipients (143).

Due to immunosuppressive drug non-specificity, drug
toxicity, inconsistent outcomes, and the difficulty of early
complete immunosuppression withdrawal, other strategies,
including the use of stem cells, regulatory dendritic cells
(DCreg) and Treg therapy have emerged to promote liver
allograft tolerance (144-148). Published trials are summarized
in Table 2. The pivotal role of many of these cellular subsets
in immunomodulation makes them ideal candidates for use as
therapeutic agents. Mesenchymal stem cells have the advantage
of being sourced from diverse tissues, but they lack a definitive
marker to enable isolation. They display low immunogenicity
and have been shown to modulate other immune and non-
parenchymal cells (157, 158). Immature or regulatory DC
have a well-established capacity to induce Ag-specific hypo-
responsiveness, Thl cell apoptosis, and Treg development.
Indeed, this phenotype may be enhanced in hepatic DC (6). Treg
have the capacity to migrate to sites of inflammation and exert
immunosuppressive effects on CD4" and CD8™ T cells directly
or through elaboration of inhibitory cytokine production.
Several studies have reported increased frequency of Tregs
in operationally tolerant liver transplant recipients (121) and
following weaning of immunosuppression (116). Chimeric Ag
receptor or CRISPR/Cas9 technology has recently been applied
to modify Treg to enhance their regulatory function in vitro
(159, 160), and their safety and longevity in vivo (161).

A phase I-II study enrolled 10 liver transplant recipients
who received 1.5-3 x 10°/kg third-party MSC on post-operative
day 3 + 2, and were compared with 10 liver transplants
without MSC. This study demonstrated safety, but did not
promote tolerance (150). A phase I study of MSC in liver
transplantation showed that two infusions of 1.5 x 10% third-
party, multi-potent adult progenitor cells into a living-related
liver transplant recipient at day 0 and 2 post-transplant was
feasible and safe. However, no further follow-up data was
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reported (152). An open-label, prospective pilot trial of two
intravenous infusions of 1 x 10° cells/kg of donor-derived MSC
in pediatric living-donor transplant recipients who will receive
standard immunosuppression is currently ongoing (153).

A first-in-human clinical trial of donor-derived DCreg
infusion to achieve early complete immunosuppression
withdrawal and potentially tolerance induction in living
donor liver transplant patients is ongoing at the University
of Pittsburgh (146, 162, 163) and shows no side effects of cell
infusion (published as an abstract in the American Journal of
Transplantation 2019). Five registered clinical trials of Treg cell
therapy have previously been detailed (144) and are summarized
in Table 2. Infusion of ex vivo-generated host-derived donor
Ag alloreactive Tregs into 10 consecutive adult recipients early
post-liver transplant following cyclophosphamide showed safety
and efficacy for immunosuppression withdrawal and clinical
tolerance induction in 7 out of 10 patients (155).

In vitro study shows that targeting primary human
hepatocytes by silencing their HLA class I expression can
alleviate alloreactive T cell proliferation without impairing
metabolic function (164). In contrast to this human finding,
adeno-associated viral vector transfer of donor MHC-I molecule
to recipient hepatocytes can induce allospecific CD8% Treg
expansion, and promote allogeneic pancreatic islet graft
tolerance (165). However, targeting of HLA expression is
currently far from progressing to clinical practice.

CONCLUSIONS

The liver, an atypical immune and metabolic organ, may
be accepted spontaneously following transplantation in
experimental animals. In humans, it may be possible to withdraw
immunosuppression in carefully selected stable patients without
rejection and liver grafts may also confer protection on other
grafts from the same donor (strain). Current information on
liver allograft acceptance suggests hepatic resident immune
cells (DC, T cells, KC, and potentially NK cells) cross-talk with
parenchymal LSEC and hepatocytes, in conjunction with specific
anti-inflammatory cytokines and signaling molecules to create
a tolerogenic microenvironment. The phenomena of infiltrating
T cell apoptosis in liver transplant recipients may be crucial to
operational allograft tolerance, but underlying mechanisms are
not well-understood. Recent findings reveal that MSC, especially
liver graft-derived MSC, can suppress T cell-based immune
responses. Fundamental differences in immune cell number,

REFERENCES

1. Thomson AW, Knolle PA. Antigen-presenting cell function in the
tolerogenic liver environment. Nat Rev Immunol. (2010) 10:753-66.
doi: 10.1038/nri2858

2. Crispe IN. Hepatic T cells and liver tolerance. Nat Rev Immunol. (2003)
3:51-62. doi: 10.1038/nri981

3. Shetty S, Lalor PE, Adams DH. Liver sinusoidal endothelial cells - gatekeepers
of hepatic immunity. Nat Rev Gastroenterol Hepatol. (2018) 15:555-67.
doi: 10.1038/s41575-018-0020-y

subset proportions, and responsiveness to tolerogenic cues
may offer some explanation as to why liver allografts, but not
other solid organ transplants, are readily accepted, and deserve
turther investigation.

Currently, non-invasive biomarkers to predict liver graft
tolerance or rejection are promising. However, there are no
definitive diagnostic criteria that have been widely validated and
approved. Cutting-edge technologies, such as scRNAseq, provide
a potential novel approach to predict liver transplant tolerance vs.
rejection in the future. However, until accurate and non-invasive
biomarkers are available, histopathological findings remain the
gold standard to monitor the status of liver allografts.

To minimize side effects related to life-long
immunosuppression, drug withdrawal has been advocated.
Yet, drug withdrawal is not suitable for every patient. The
development of novel cellular therapeutics, including MSC and
regulatory cell therapy, is currently under evaluation in multiple
trials worldwide to establish feasibility, safety, and efficacy.
However, there are significant limitations to this approach,
including cost, low cell yield, unpredictable function in vivo, and
the dependence on the immunological status of each recipient. A
combinatorial approach of CRISP/Cas9, chimeric Ag-receptor or
gene-edited cellular therapy, combined with immunosuppression
minimization is a possible strategy to promote clinical liver
transplant tolerance, but will require the presence of adequate
monitoring tools.

AUTHOR CONTRIBUTIONS

HD wrote the manuscript and designed the figure. YZ
generated the tables. AT designed the outline of the manuscript
and revised the manuscript. NR wrote and revised the
manuscript. All authors have contributed to the editing of
the manuscript.

ACKNOWLEDGMENTS

The authors’ work is supported by the National Science
Foundation of China (81800664, 81970655 and 81900370),
Natural Science Foundation of Hunan Province of China
(2019]J50842), and Huxiang Young Talents of Hunan Province
(2019RS2013) to HD, National Institutes of Health grants RO1
AT118777 to AT, National Health and Medical Research Council
Career Development Fellowship (GNT1158977), and Project
Grant (GNT1138372) to NR.

4. Lei H, Reinke P, Volk HD, Lv Y, Wu R. Mechanisms of immune
tolerance in liver transplantation-crosstalk between alloreactive T cells
and liver cells with therapeutic prospects. Front Immunol. (2019) 10:2667.
doi: 10.3389/fimmu.2019.02667

5. Thomson AW, Lu L. Are dendritic cells the key to liver transplant
tolerance? Immunol Today. (1999) 20:27-32. doi: 10.1016/S0167-5699(98)
01378-4

6. Bamboat ZM, Stableford JA, Plitas G, Burt BM, Nguyen HM, Welles AP, et al.
Human liver dendritic cells promote T cell hyporesponsiveness. ] Immunol.
(2009) 182:1901-11. doi: 10.4049/jimmunol.0803404

Frontiers in Immunology | www.frontiersin.org

June 2020 | Volume 11 | Article 1044


https://doi.org/10.1038/nri2858
https://doi.org/10.1038/nri981
https://doi.org/10.1038/s41575-018-0020-y
https://doi.org/10.3389/fimmu.2019.02667
https://doi.org/10.1016/S0167-5699(98)01378-4
https://doi.org/10.4049/jimmunol.0803404
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Dai et al.

Understanding Liver Transplant Immune Tolerance

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. Abe M, Tokita D, Raimondi G, Thomson AW. Endotoxin modulates the

capacity of CpG-activated liver myeloid DC to direct Thl-type responses.
Eur ] Immunol. (2006) 36:2483-93. doi: 10.1002/€ji.200535767

. De Creus A, Abe M, Lau AH, Hackstein H, Raimondi G, Thomson AW.

Low TLR4 expression by liver dendritic cells correlates with reduced capacity
to activate allogeneic T cells in response to endotoxin. J Immunol. (2005)
174:2037-45. doi: 10.4049/jimmunol.174.4.2037

. Kingham TP, Chaudhry U], Plitas G, Katz SC, Raab ], DeMatteo RP. Murine

liver plasmacytoid dendritic cells become potent immunostimulatory
cells after Flt-3 ligand expansion. Hepatology. (2007) 45:445-54.
doi: 10.1002/hep.21457

Pillarisetty VG, Shah AB, Miller G, Bleier JI, DeMatteo RP. Liver
dendritic cells are less immunogenic than spleen dendritic cells because
of differences in subtype composition. J Immunol. (2004) 172:1009-17.
doi: 10.4049/jimmunol.172.2.1009

Goubier A, Dubois B, Gheit H, Joubert G, Villard-Truc E Asselin-Paturel C,
et al. Plasmacytoid dendritic cells mediate oral tolerance. Immunity. (2008)
29:464-75. doi: 10.1016/j.immuni.2008.06.017

Rutella S, Bonanno G, Procoli A, Mariotti A, de Ritis DG, Curti A, et al.
Hepatocyte growth factor favors monocyte differentiation into regulatory
interleukin (IL)-10™+TL-12!°"/¢8 accessory cells with dendritic-cell features.
Blood. (2006) 108:218-27. doi: 10.1182/blood-2005-08-3141

Cabillic E Rougier N, Basset C, Lecouillard I, Quelvennec E, Toujas
L, et al. Hepatic environment elicits monocyte differentiation into a
dendritic cell subset directing Th2 response. ] Hepatol. (2006) 44:552-9.
doi: 10.1016/j.jhep.2005.08.010

Baroja-Mazo A, Revilla-Nuin B, Parrilla P, Martinez-Alarcon L,
Ramirez P, Pons JA. Tolerance in liver transplantation: Biomarkers
and clinical relevance. World ] Gastroenterol. (2016) 22:7676-91.
doi: 10.3748/wjg.v22.i34.7676

Shi J, Fujieda H, Kokubo Y, Wake K. Apoptosis of neutrophils and their
elimination by Kupffer cells in rat liver. Hepatology. (1996) 24:1256-63.
doi: 10.1002/hep.510240545

Roland CR, Walp L, Stack RM, Flye MW. Outcome of Kupffer cell
antigen presentation to a cloned murine Th1 lymphocyte depends on the
inducibility of nitric oxide synthase by IFN-gamma. ] Immunol. (1994)
153:5453-64.

Roland CR, Mangino M]J, Duffy BE, Flye MW. Lymphocyte suppression
by Kupffer cells prevents portal venous tolerance induction: a study of
macrophage function after intravenous gadolinium. Transplantation. (1993)
55:1151-8. doi: 10.1097/00007890-199305000-00041

Hidaka M, Eguchi S, Takatsuki M, Soyama A, Ono S, Adachi T, et al.
The Kupffer cell number affects the outcome of living donor liver
transplantation from elderly donors. Transplant Direct. (2016) 2:e94.
doi: 10.1097/TXD.0000000000000608

Meyer D, Loffeler S, Otto C, Czub S, Gassel HJ, Timmermann W,
et al. Donor-derived alloantigen-presenting cells persist in the liver
allograft during tolerance induction. Transpl Int. (2000) 13:12-20.
doi: 10.1111/j.1432-2277.2000.tb01030.x

Lohse AW, Knolle PA, Bilo K, Uhrig A, Waldmann C, Ibe M, et al.
Antigen-presenting function and B7 expression of murine sinusoidal
endothelial cells and Kupffer cells. Gastroenterology. (1996) 110:1175-81.
doi: 10.1053/gast.1996.v110.pm8613007

Leifeld L, Trautwein C, Dumoulin FL, Manns MP, Sauerbruch T, Spengler
U. Enhanced expression of CD80 (B7-1), CD86 (B7-2), and CD40 and their
ligands CD28 and CD154 in fulminant hepatic failure. Am J Pathol. (1999)
154:1711-20. doi: 10.1016/S0002-9440(10)65427-2

Knolle PA, Schmitt E, Jin S, Germann T, Duchmann R, Hegenbarth S,
et al. Induction of cytokine production in naive CD4" T cells by antigen-
presenting murine liver sinusoidal endothelial cells but failure to induce
differentiation toward Thl cells. Gastroenterology. (1999) 116:1428-40.
doi: 10.1016/S0016-5085(99)70508-1

Limmer A, Ohl J, Kurts C, Ljunggren HG, Reiss Y, Groettrup M, et al.
Efficient presentation of exogenous antigen by liver endothelial cells to CD8"
T cells results in antigen-specific T-cell tolerance. Nat Med. (2000) 6:1348-54.
doi: 10.1038/82161

Ge X, Nowak G, Ericzon BG, Sumitran-Holgersson §S. Liver
sinusoidal endothelial cell function in rejected and spontaneously

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

accepted rat liver allografts.  Transpl Int. (2008)  21:49-56.
doi: 10.1111/j.1432-2277.2007.00569.x

Tang L, Yang J, Liu W, Tang X, Chen J, Zhao D, et al. Liver
sinusoidal endothelial cell lectin, LSECtin, negatively regulates hepatic
T-cell immune response. Gastroenterology. (2009) 137:1498-508.e1-5.
doi: 10.1053/j.gastro.2009.07.051

Tay SS, Wong YC, McDonald DM, Wood NA, Roediger B, Sierro E et al.
Antigen expression level threshold tunes the fate of CD8T cells during
primary hepatic immune responses. Proc Natl Acad Sci U S A. (2014)
111:E2540-9. doi: 10.1073/pnas.1406674111

Norris S, Collins C, Doherty DG, Smith E McEntee G, Traynor
O, et al. Resident human hepatic lymphocytes are phenotypically
different from circulating lymphocytes. ] Hepatol. (1998) 28:84-90.
doi: 10.1016/50168-8278(98)80206-7

Bertolino P, Trescol-Biemont MC, Rabourdin-Combe C. Hepatocytes induce
functional activation of naive CD8" T lymphocytes but fail to promote
survival. Eur ] Immunol. (1998) 28:221-36. doi: 10.1002/(SICI)1521-
4141(199801)28:01<221::AID-IMMU221>3.0.CO;2-F

Bertolino P, Trescol-Biemont MC, Thomas J, Fazekas de St Groth B, Pihlgren
M, Marvel ], et al. Death by neglect as a deletional mechanism of peripheral
tolerance. Int Immunol. (1999) 11:1225-38. doi: 10.1093/intimm/11.8.1225
Qian S, LuL, FuE LiY, Li W, Starzl TE, et al. Apoptosis within spontaneously
accepted mouse liver allografts: evidence for deletion of cytotoxic T cells and
implications for tolerance induction. ] Immunol. (1997) 158:4654-61.
Meyer D, Thorwarth M, Otto C, Gassel HJ, Timmermann W, Ulrichs K, et al.
Apoptosis of alloreactive T cells in liver allografts during tolerance induction.
Transplant Proc. (1999) 31:474. doi: 10.1016/S0041-1345(98)01714-X

Holz LE, Benseler V, Bowen DG, Bouillet P, Strasser A, O'Reilly L,
et al. Intrahepatic murine CD8 T-cell activation associates with a distinct
phenotype leading to Bim-dependent death. Gastroenterology. (2008)
135:989-97. doi: 10.1053/j.gastro.2008.05.078

Sharland A, Yan Y, Wang C, Bowen DG, Sun J, Sheil AG, et al
Evidence that apoptosis of activated T cells occurs in spontaneous
tolerance of liver allografts blocked by manipulations
which  break  tolerance.  Transplantation. ~ (1999)  68:1736-45.
doi: 10.1097/00007890-199912150-00018

Raicevic G, Najar M, Najimi M, El Taghdouini A, van Grunsven LA,
Sokal E, et al. Influence of inflammation on the immunological profile
of adult-derived human liver mesenchymal stromal cells and stellate cells.
Cytotherapy. (2015) 17:174-85. doi: 10.1016/j.jcyt.2014.10.001

de Mare-Bredemeijer EL, Mancham S, Verstegen MM, de Ruiter PE, van
Gent R, O’Neill D, et al. Human graft-derived mesenchymal stromal cells
potently suppress alloreactive T-cell responses. Sterm Cells Dev. (2015)
24:1436-47. doi: 10.1089/scd.2014.0485

Taner T, Abrol N, Park WD, Hansen M]J, Gustafson MP, Lerman LO, et al.
Phenotypic, transcriptional and functional analysis of liver mesenchymal
stromal cells and their immunomodulatory properties. Liver Transpl. (2020)
26:549-63. doi: 10.1002/1t.25718

Calne RY, Sells RA, Pena JR, Davis DR, Millard PR, Herbertson BM, et al.
Induction of immunological tolerance by porcine liver allografts. Nature.
(1969) 223:472-6. doi: 10.1038/223472a0

Kamada N, Davies HS, Roser B. Reversal of transplantation immunity

and s

by liver grafting. Nature. (1981) 292:840-2. doi: 10.1038/292
840a0
Xie Y, Wu Y, Xin K, Wang JJ, Xu H, Ildstad ST, et al. Delayed
donor bone marrow infusion induces liver transplant tolerance.
Transplantation.  (2017) 101:1056-66. doi: 10.1097/TP.00000000000
01684

Vitalone MJ, Wei L, Fujiki M, Lau AH, Littau E, Esquivel C, et al. Liver
microRNA profile of induced allograft tolerance. Transplantation. (2016)
100:781-90. doi: 10.1097/TP.0000000000001105

Sarnacki S, Nakai H, Calise D, Azuma T, Brousse N, Revillon Y, et al.
Decreased expression of the interleukin 2 receptor on CD8 recipient
lymphocytes in intestinal grafts rendered tolerant by liver transplantation in
rats. Gut. (1998) 43:849-55. doi: 10.1136/gut.43.6.849

Qian S, Demetris AJ, Murase N, Rao AS, Fung JJ, Starzl TE. Murine liver
allograft transplantation: tolerance and donor cell chimerism. Hepatology.
(1994) 19:916-24. doi: 10.1002/hep.1840190418

Frontiers in Immunology | www.frontiersin.org

10

June 2020 | Volume 11 | Article 1044


https://doi.org/10.1002/eji.200535767
https://doi.org/10.4049/jimmunol.174.4.2037
https://doi.org/10.1002/hep.21457
https://doi.org/10.4049/jimmunol.172.2.1009
https://doi.org/10.1016/j.immuni.2008.06.017
https://doi.org/10.1182/blood-2005-08-3141
https://doi.org/10.1016/j.jhep.2005.08.010
https://doi.org/10.3748/wjg.v22.i34.7676
https://doi.org/10.1002/hep.510240545
https://doi.org/10.1097/00007890-199305000-00041
https://doi.org/10.1097/TXD.0000000000000608
https://doi.org/10.1111/j.1432-2277.2000.tb01030.x
https://doi.org/10.1053/gast.1996.v110.pm8613007
https://doi.org/10.1016/S0002-9440(10)65427-2
https://doi.org/10.1016/S0016-5085(99)70508-1
https://doi.org/10.1038/82161
https://doi.org/10.1111/j.1432-2277.2007.00569.x
https://doi.org/10.1053/j.gastro.2009.07.051
https://doi.org/10.1073/pnas.1406674111
https://doi.org/10.1016/S0168-8278(98)80206-7
https://doi.org/10.1002/(SICI)1521-4141(199801)28:01<221::AID-IMMU221>3.0.CO;2-F
https://doi.org/10.1093/intimm/11.8.1225
https://doi.org/10.1016/S0041-1345(98)01714-X
https://doi.org/10.1053/j.gastro.2008.05.078
https://doi.org/10.1097/00007890-199912150-00018
https://doi.org/10.1016/j.jcyt.2014.10.001
https://doi.org/10.1089/scd.2014.0485
https://doi.org/10.1002/lt.25718
https://doi.org/10.1038/223472a0
https://doi.org/10.1038/292840a0
https://doi.org/10.1097/TP.0000000000001684
https://doi.org/10.1097/TP.0000000000001105
https://doi.org/10.1136/gut.43.6.849
https://doi.org/10.1002/hep.1840190418
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Dai et al.

Understanding Liver Transplant Immune Tolerance

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Tse GH, Hughes J, Marson LP. Systematic review of mouse kidney
transplantation. Transpl Int. (2013) 26:1149-60. doi: 10.1111/tri.12129
Zhang Z, Zhu L, Quan D, Garcia B, Ozcay N, Duff J, et al
Pattern of liver, kidney, heart, and intestine allograft rejection in
different mouse strain combinations. Transplantation. (1996) 62:1267-72.
doi: 10.1097/00007890-199611150-00016

Zhai Y, Meng L, Gao F, Wang Y, Busuttil RW, Kupiec-Weglinski JW.
CD4*" T regulatory cell induction and function in transplant recipients
after CD154 blockade is TLR4 independent. ] Immunol. (2006) 176:5988-94.
doi: 10.4049/jimmunol.176.10.5988

Mayumi H, Good RA. Long-lasting skin allograft
adult mice induced across fully allogeneic (multimajor H-2 plus
multiminor histocompatibility) antigen barriers by a tolerance-inducing
method using cyclophosphamide. ] Exp Med. (1989) 169:213-38.
doi: 10.1084/jem.169.1.213

Gerlag PG, Koene RA, Hagemann JF, Wijdeveld PG. Hyperacute rejection of
skin allografts in the mouse. Sensitivity of ingrowing skin grafts to the action
of alloantibody and rabbit complement. Transplantation. (1975) 20:308-13.
doi: 10.1097/00007890-197510000-00007

Perez MI, Edelson RL, John L, Laroche L, Berger CL. Inhibition of antiskin
allograft immunity induced by infusions with photoinactivated effector T
lymphocytes (PET cells). Yale ] Biol Med. (1989) 62:595-609.

Kamada N, Brons G, Davies HS. Fully allogeneic liver grafting
in rats induces a of systemic nonreactivity to donor
transplantation  antigens. Transplantation. ~ (1980)  29:429-31.
doi: 10.1097/00007890-198005000-00021

White E, Hildemann WH. Allografts in genetically defined rats: difference in
survival between kidney and skin. Science (New York, NY). (1968) 162:1293—-
5. doi: 10.1126/science.162.3859.1293

Taylor AC, Lehrfeld JW. Determination of survival time of skin homografts
in the rat by observation of vascular changes in the graft. Plast Reconstr Surg
(1946). (1953) 12:423-31. doi: 10.1097/00006534-195312000-00005

Bistoni G, Calvitti M, Mancuso E Arato I, Falabella G, Cucchia R, et al.
Prolongation of skin allograft survival in rats by the transplantation of
microencapsulated xenogeneic neonatal porcine Sertoli cells. Biomaterials.
(2012) 33:5333-40. doi: 10.1016/j.biomaterials.2012.04.020

Calne RY, Bitter-Suermann H, Davis DR, Dunn DC, Herbertson BM, Reiter
FH, et al. Orthotopic heart transplantation in the pig. Nature. (1974)
247:140-2. doi: 10.1038/247140b0

Kalden JR, Guthy EA. Prolonged skin allograft survival in vitamin C-
deficient guinea-pigs. Preliminary communication. Eur Surg Res. (1972)
4:114-9. doi: 10.1159/000127607

Oura T, Yamashita K, Suzuki T, Fukumori D, Watanabe M, Hirokata G,
et al. Long-term hepatic allograft acceptance based on CD40 blockade by
ASKP1240 in nonhuman primates. Am J Transplant. (2012) 12:1740-54.
doi: 10.1111/j.1600-6143.2012.04014.x

Calne RY, Davis DR, Pena JR, Balner H, de Vries M, Herbertson BM, et al.
Hepatic allografts and xenografts in primates. Lancet (London, England).
(1970) 1:103-6. doi: 10.1016/S0140-6736(70)90462-9

Thomas JM, Carver FM, Thomas FT. Enhanced allograft survival in rhesus
monkeys treated with anti-human thymocyte globulin and donor lymphoid
cells. Surg Forum. (1979) 30:282-3.

Elster EA, Xu H, Tadaki DK, Montgomery S, Burkly LC, Berning JD,
et al. Treatment with the humanized CDI154-specific monoclonal
antibody, hu5C8, prevents acute rejection of primary skin allografts
in  nonhuman  primates.  Transplantation. ~ (2001)  72:1473-8.
doi: 10.1097/00007890-200111150-00001

Sanchez-Fueyo A, Strom TB. Immunologic basis of graft rejection
and tolerance following transplantation of liver or other solid
organs. Gastroenterology. (2011) 140:51-64. doi: 10.1053/j.gastro.2010.
10.059

Feng S, Ekong UD, Lobritto SJ, Demetris AJ, Roberts JP, Rosenthal P,
et al. Complete immunosuppression withdrawal and subsequent allograft
function among pediatric recipients of parental living donor liver
transplants. JAMA. (2012) 307:283-93. doi: 10.1001/jama.2011.2014
Mazariegos GV, Reyes ], Marino IR, Demetris AJ, Flynn B, Irish W,
et al. Weaning of immunosuppression in liver transplant recipients.
Transplantation. (1997) 63:243-9. doi: 10.1097/00007890-199701270-00012

tolerance in

state

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Wood K.
Hepatol.

tolerance
50:1247-57.

Orlando G,  Soker S,
after  liver  transplantation. ]
doi: 10.1016/j.jhep.2009.03.006
Taner T. Liver transplantation: rejection and tolerance. Liver Transpl. (2017)
23:585-S8. doi: 10.1002/1t.24840

Taner T, Heimbach JK, Rosen CB, Nyberg SL, Park WD, Stegall MD.
Decreased chronic cellular and antibody-mediated injury in the kidney
following simultaneous liver-kidney transplantation. Kidney Int. (2016)
89:909-17. doi: 10.1016/j.kint.2015.10.016

Rasmussen A, Davies HE Jamieson NV, Evans DB, Calne RY. Combined
transplantation of liver and kidney from the same donor protects the kidney
from rejection and improves kidney graft survival. Transplantation. (1995)
59:919-21. doi: 10.1097/00007890-199503000-00025

Topilsky Y, Raichlin E, Hasin T, Boilson BA, Schirger JA, Pereira NL,
et al. Combined heart and liver transplant attenuates cardiac allograft
vasculopathy compared with isolated heart transplantation. Transplantation.
(2013) 95:859-65. doi: 10.1097/TP.0b013e31827eef7e

Wong TW, Gandhi MJ, Daly RC, Kushwaha SS, Pereira NL, Rosen CB,
et al. Liver allograft provides immunoprotection for the cardiac allograft in
combined heart-liver transplantation. Am ] Transplant. (2016) 16:3522-31.
doi: 10.1111/ajt.13870

Yokota S, Yoshida O, Ono Y, Geller DA, Thomson AW. Liver transplantation
in the mouse: insights into liver immunobiology, tissue injury, and allograft
tolerance. Liver Transpl. (2016) 22:536-46. doi: 10.1002/1t.24394

Demetris AJ, Lunz JG 3rd, Randhawa P, Wu T, Nalesnik M, Thomson
AW. Monitoring of human liver and kidney allograft tolerance:
a tissue/histopathology perspective. Transpl Int. (2009) 22:120-41.
doi: 10.1111/j.1432-2277.2008.00765.x

Steptoe RJ, Patel RK, Subbotin VM, Thomson AW. Comparative analysis of
dendritic cell density and total number in commonly transplanted organs:
morphometric estimation in normal mice. Transpl Immunol. (2000) 8:49-56.
doi: 10.1016/S0966-3274(00)00010-1

Oh NA, O’Shea T, Ndishabandi DK, Yuan Q, Hong S, Gans J, et al.
Plasmacytoid dendritic cell-driven induction of treg is strain specific
and correlates with spontaneous acceptance of kidney allografts.
Transplantation. ~ (2020)  104:39-53.  doi:  10.1097/TP.00000000000
02867

Morris H, DeWolf S, Robins H, Sprangers B, LoCascio SA, Shonts BA,
et al. Tracking donor-reactive T cells: evidence for clonal deletion in
tolerant kidney transplant patients. Sci Transl Med. (2015) 7:272ral0.
doi: 10.1126/scitranslmed.3010760

Savage TM, Shonts BA, Lau S, Obradovic A, Robins H, Shaked A, et al.
Deletion of donor-reactive T cell clones after human liver transplant. Am
J Transplant. (2020) 20:538-45. doi: 10.1111/ajt.15592

Kobayashi E, Kamada N, Delriviere L, Lord R, Goto S, Walker NI, et al.
Migration of donor cells into the thymus is not essential for induction
and maintenance of systemic tolerance after liver transplantation in the rat.
Immunology. (1995) 84:333-6.

Bishop GA, Sun ], DeCruz DJ, Rokahr KL, Sedgwick JD, Sheil AG, et al.
Tolerance to rat liver allografts. III. Donor cell migration and tolerance-
associated cytokine production in peripheral lymphoid tissues. ] Immunol.
(1996) 156:4925-31.

Dai H, Thomson AW, Rogers NM. Dendritic cells as sensors, mediators,
and regulators of ischemic injury. Front Immunol. (2019) 10:2418.
doi: 10.3389/fimmu.2019.02418

Dresske B, Lin X, Huang DS, Zhou X, Fandrich F. Spontaneous tolerance:
experience with the rat liver transplant model. Hum Immunol. (2002)
63:853-61. doi: 10.1016/S0198-8859(02)00448-2

Sun J, Sheil AG, Wang C, Wang L, Rokahr K, Sharland A, et al
Tolerance to rat liver allografts: IV. Acceptance depends on the quantity of
donor tissue and on donor leukocytes. Transplantation. (1996) 62:1725-30.
doi: 10.1097/00007890-199612270-00005

Tay SS, Lu B, Sierro E Benseler V, McGuffog CM, Bishop GA, et al.
Differential migration of passenger leukocytes and rapid deletion of naive
alloreactive CD8T cells after mouse liver transplantation. Liver Transpl.
(2013) 19:1224-35. doi: 10.1002/1t.23720

Sharland A, Shastry S, Wang C, Rokahr K, Sun J, Sheil AG, et al
Kinetics of intragraft cytokine expression, cellular infiltration, and cell

Operational
(2009)

Frontiers in Immunology | www.frontiersin.org

11

June 2020 | Volume 11 | Article 1044


https://doi.org/10.1111/tri.12129
https://doi.org/10.1097/00007890-199611150-00016
https://doi.org/10.4049/jimmunol.176.10.5988
https://doi.org/10.1084/jem.169.1.213
https://doi.org/10.1097/00007890-197510000-00007
https://doi.org/10.1097/00007890-198005000-00021
https://doi.org/10.1126/science.162.3859.1293
https://doi.org/10.1097/00006534-195312000-00005
https://doi.org/10.1016/j.biomaterials.2012.04.020
https://doi.org/10.1038/247140b0
https://doi.org/10.1159/000127607
https://doi.org/10.1111/j.1600-6143.2012.04014.x
https://doi.org/10.1016/S0140-6736(70)90462-9
https://doi.org/10.1097/00007890-200111150-00001
https://doi.org/10.1053/j.gastro.2010.10.059
https://doi.org/10.1001/jama.2011.2014
https://doi.org/10.1097/00007890-199701270-00012
https://doi.org/10.1016/j.jhep.2009.03.006
https://doi.org/10.1002/lt.24840
https://doi.org/10.1016/j.kint.2015.10.016
https://doi.org/10.1097/00007890-199503000-00025
https://doi.org/10.1097/TP.0b013e31827eef7e
https://doi.org/10.1111/ajt.13870
https://doi.org/10.1002/lt.24394
https://doi.org/10.1111/j.1432-2277.2008.00765.x
https://doi.org/10.1016/S0966-3274(00)00010-1
https://doi.org/10.1097/TP.0000000000002867
https://doi.org/10.1126/scitranslmed.3010760
https://doi.org/10.1111/ajt.15592
https://doi.org/10.3389/fimmu.2019.02418
https://doi.org/10.1016/S0198-8859(02)00448-2
https://doi.org/10.1097/00007890-199612270-00005
https://doi.org/10.1002/lt.23720
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Dai et al.

Understanding Liver Transplant Immune Tolerance

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

death in rejection of renal allografts compared with acceptance of
liver allografts in a rat model: early activation and apoptosis is
associated with liver graft acceptance. Transplantation. (1998) 65:1370-7.
doi: 10.1097/00007890-199805270-00015

Kamada N, Shinomiya T. Clonal deletion as the mechanism of abrogation
of immunological memory following liver grafting in rats. Immunology.
(1985) 55:85-90.

Kamada N, Teramoto K, Baguerizo A, Ishikawa M, Sumimoto R,
Ohkouchi Y. Cellular basis of transplantation tolerance induced by liver
grafting in the rat. Extent of clonal deletion among thoracic duct
lymphocytes, spleen, and lymph node cells. Transplantation. (1988) 46:165—
7. doi: 10.1097/00007890-198807000-00034

Dahmen U, Qian S, Rao AS, Demetris AJ, Fu E Sun H, et al. Split tolerance
induced by orthotopic liver transplantation in mice. Transplantation. (1994)
58:1-8. doi: 10.1097/00007890-199407000-00001

Bishop GA, Wang C, Sharland AF, McCaughan G. Spontaneous acceptance
of liver transplants in rodents: evidence that liver leucocytes induce
recipient T-cell death by neglect. Immunol Cell Biol. (2002) 80:93-100.
doi: 10.1046/j.1440-1711.2002.01049.x

Sun J, McCaughan GW, Gallagher ND, Sheil AG, Bishop GA. Deletion
of spontaneous rat liver allograft acceptance by donor irradiation.
Transplantation. (1995) 60:233-6. doi: 10.1097/00007890-199508000-00004
Kreisel D, Petrowsky H, Krasinskas AM, Krupnick AS, Szeto WY, McLean
AD, et al. The role of passenger leukocyte genotype in rejection and
acceptance of rat liver allografts. Transplantation. (2002) 73:1501-7.
doi: 10.1097/00007890-200205150-00022

Mele TS, Kneteman NM, Zhu LE Ramassar V, Urmson ], Halloran
B, et al. IFN-y is an absolute requirement for spontaneous
acceptance of liver allografts. Am ] Transplant. (2003) 3:942-51.
doi: 10.1034/j.1600-6143.2003.00153.x

Morita M, Joyce D, Miller C, Fung JJ, Lu L, Qian S. Rejection
triggers liver transplant tolerance: involvement of mesenchyme-mediated
immune control mechanisms in mice. Hepatology. (2015) 62:915-31.
doi: 10.1002/hep.27909

Morita M, Fujino M, Jiang G, Kitazawa Y, Xie L, Azuma M, etal. PD-1/B7-H1
interaction contribute to the spontaneous acceptance of mouse liver allograft.
Am ] Transplant. (2010) 10:40-6. doi: 10.1111/j.1600-6143.2009.02859.x

Li W, Zheng XX, Kuhr CS, Perkins JD. CTLA4 engagement is required
for induction of murine liver transplant spontaneous tolerance. Am |
Transplant. (2005) 5:978-86. doi: 10.1111/j.1600-6143.2005.00823.x

YeY, Yan S, Jiang G, Zhou L, Xie H, Xie X, et al. Galectin-1 prolongs survival
of mouse liver allografts from Flt3L-pretreated donors. Am J Transplant.
(2013) 13:569-79. doi: 10.1111/ajt.12088

Jiang ZJ, Shen QH, Chen HY, Yang Z, Shuai MQ, Zheng S. Galectin-1 restores
immune tolerance to liver transplantation through activation of hepatic
stellate cells. Cell Physiol Biochem. (2018) 48:863-79. doi: 10.1159/000491955
Li W, Kuhr CS, Zheng XX, Carper K, Thomson AW, Reyes JD, et al. New
insights into mechanisms of spontaneous liver transplant tolerance: the
role of Foxp3-expressing CD25"CD4" regulatory T cells. Am ] Transplant.
(2008) 8:1639-51. doi: 10.1111/j.1600-6143.2008.02300.x

Jiang X, Morita M, Sugioka A, Harada M, Kojo S, Wakao H, et al. The
importance of CD25" CD4™" regulatory T cells in mouse hepatic allograft
tolerance. Liver Transpl. (2006) 12:1112-8. doi: 10.1002/1t.20787
Demirkiran A, Bosma BM, Kok A, Baan CC, Metselaar H]J, Ijzermans JN,
et al. Allosuppressive donor CD4"CD25™ regulatory T cells detach from the
graft and circulate in recipients after liver transplantation. ] Immunol. (2007)
178:6066-72. doi: 10.4049/jimmunol.178.10.6066

LuL, YuY, Li G, Pu L, Zhang E, Zheng S, et al. CD8"CD103" regulatory
T cells in spontaneous tolerance of liver allografts. Int Immunopharmacol.
(2009) 9:546-8. doi: 10.1016/j.intimp.2009.01.021

van der Touw W, Bromberg JS. Natural killer cells and the immune
response in solid organ transplantation. Am J Transplant. (2010) 10:1354-8.
doi: 10.1111/j.1600-6143.2010.03086.x

Moroso V, Metselaar HJ, Mancham S, Tilanus HW, Eissens D, van der Meer
A, et al. Liver grafts contain a unique subset of natural killer cells that are
transferred into the recipient after liver transplantation. Liver Transpl. (2010)
16:895-908. doi: 10.1002/1t.22080

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Harmon C, Sanchez-Fueyo A, O’Farrelly C, Houlihan DD. Natural killer
cells and liver transplantation: orchestrators of rejection or tolerance? Am
] Transplant. (2016) 16:751-7. doi: 10.1111/ajt.13565

Fahrner R, Dondorf F, Ardelt M, Settmacher U, Rauchfuss F. Role of NK,
NKT cells and macrophages in liver transplantation. World ] Gastroenterol.
(2016) 22:6135-44. doi: 10.3748/wjg.v22.i27.6135

Martinez-Llordella M, Lozano JJ, Puig-Pey I, Orlando G, Tisone G, Lerut
J, et al. Using transcriptional profiling to develop a diagnostic test of
operational tolerance in liver transplant recipients. J Clin Invest. (2008)
118:2845-57. doi: 10.1172/JCI35342

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) 110:606-15. doi: 10.1182/blood-2006-10-052720
Cooper MA, Fehniger TA, Fuchs A, Colonna M, Caligiuri MA.
NK cell and DC interactions. Trends Immunol. (2004) 25:47-52.
doi: 10.1016/}.it.2003.10.012

de Mare-Bredemeijer EL, Shi XL, Mancham S, van Gent R, van der
Heide-Mulder M, de Boer R, et al. Cytomegalovirus-induced expression
of CD244 after liver transplantation is associated with CD8T T cell
hyporesponsiveness to alloantigen. ] Immunol. (2015) 195:1838-48.
doi: 10.4049/jimmunol.1500440

Obara H, Nagasaki K, Hsieh CL, Ogura Y, Esquivel CO, Martinez OM,
et al. IFN-y, produced by NK cells that infiltrate liver allografts early after
transplantation, links the innate and adaptive immune responses. Am |
Transplant. (2005) 5:2094-103. doi: 10.1111/j.1600-6143.2005.00995.x

Ono Y, Perez-Gutierrez A, Nakao T, Dai H, Camirand G, Yoshida O, et al.
Graft-infiltrating PD-L1(hi) cross-dressed dendritic cells regulate antidonor
T cell responses in mouse liver transplant tolerance. Hepatology. (2018)
67:1499-515. doi: 10.1002/hep.29529

Yoshida O, Kimura S, Dou L, Matta BM, Yokota S, Ross MA, et al. DAP12
deficiency in liver allografts results in enhanced donor DC migration,
augmented effector T cell responses and abrogation of transplant tolerance.
Am ] Transplant. (2014) 14:1791-805. doi: 10.1111/ajt.12757

Nakao T, Ono Y, Dai H, Nakano R, Perez-Gutierrez A, Camirand G,
et al. DNAX activating protein of 12 kDa/triggering receptor expressed
on myeloid cells 2 expression by mouse and human liver dendritic cells:
functional implications and regulation of liver ischemia-reperfusion injury.
Hepatology. (2019) 70:696-710. doi: 10.1002/hep.30334

Farges O, Morris PJ, Dallman M]J. Spontaneous acceptance of rat
liver allografts is associated with an early downregulation of intragraft
interleukin-4 messenger RNA expression. Hepatology. (1995) 21:767-75.
doi: 10.1002/hep.1840210326

Wang C, Li J, Cordoba SP, McLeod DJ, Tran GT, Hodgkinson
SJ, et al. Posttransplant interleukin-4 treatment converts rat liver
allograft tolerance to rejection. Transplantation. (2005) 79:1116-20.
doi: 10.1097/01.TP.0000161249.20922.16

Morita M, Chen J, Fujino M, Kitazawa Y, Sugioka A, Zhong L,
et al. Identification of microRNAs involved in acute rejection and
spontaneous tolerance in murine hepatic allografts. Sci Rep. (2014) 4:6649.
doi: 10.1038/srep06649

Xie L, Ichimaru N, Morita M, Chen ], Zhu P, Wang J, et al. Identification of
a novel biomarker gene set with sensitivity and specificity for distinguishing
between allograft rejection and tolerance. Liver Transpl. (2012) 18:444-54.
doi: 10.1002/1t.22480

Vionnet J, Sanchez-Fueyo A. Biomarkers of
in liver transplantation. Hum  Immunol.
doi: 10.1016/j.humimm.2018.02.010

Goldschmidt I, Karch A, Mikolajczyk R, Mutschler F Junge N, Pfister
ED, et al. Immune monitoring after pediatric liver transplantation - the
prospective ChilSFree cohort study. BMC Gastroenterol. (2018) 18:63.
doi: 10.1186/512876-018-0795-x

Taubert R, Danger R, Londono MC, Christakoudi S, Martinez-Picola
M, Rimola A, et al. Hepatic infiltrates in operational tolerant patients
after liver transplantation show enrichment of regulatory T cells before
proinflammatory genes are downregulated. Am ] Transplant. (2016)
16:1285-93. doi: 10.1111/ajt.13617

tolerance
79:388-94.

immune
(2018)

Frontiers in Immunology | www.frontiersin.org

12

June 2020 | Volume 11 | Article 1044


https://doi.org/10.1097/00007890-199805270-00015
https://doi.org/10.1097/00007890-198807000-00034
https://doi.org/10.1097/00007890-199407000-00001
https://doi.org/10.1046/j.1440-1711.2002.01049.x
https://doi.org/10.1097/00007890-199508000-00004
https://doi.org/10.1097/00007890-200205150-00022
https://doi.org/10.1034/j.1600-6143.2003.00153.x
https://doi.org/10.1002/hep.27909
https://doi.org/10.1111/j.1600-6143.2009.02859.x
https://doi.org/10.1111/j.1600-6143.2005.00823.x
https://doi.org/10.1111/ajt.12088
https://doi.org/10.1159/000491955
https://doi.org/10.1111/j.1600-6143.2008.02300.x
https://doi.org/10.1002/lt.20787
https://doi.org/10.4049/jimmunol.178.10.6066
https://doi.org/10.1016/j.intimp.2009.01.021
https://doi.org/10.1111/j.1600-6143.2010.03086.x
https://doi.org/10.1002/lt.22080
https://doi.org/10.1111/ajt.13565
https://doi.org/10.3748/wjg.v22.i27.6135
https://doi.org/10.1172/JCI35342
https://doi.org/10.1182/blood-2006-10-052720
https://doi.org/10.1016/j.it.2003.10.012
https://doi.org/10.4049/jimmunol.1500440
https://doi.org/10.1111/j.1600-6143.2005.00995.x
https://doi.org/10.1002/hep.29529
https://doi.org/10.1111/ajt.12757
https://doi.org/10.1002/hep.30334
https://doi.org/10.1002/hep.1840210326
https://doi.org/10.1097/01.TP.0000161249.20922.16
https://doi.org/10.1038/srep06649
https://doi.org/10.1002/lt.22480
https://doi.org/10.1016/j.humimm.2018.02.010
https://doi.org/10.1186/s12876-018-0795-x
https://doi.org/10.1111/ajt.13617
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Dai et al.

Understanding Liver Transplant Immune Tolerance

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Pons JA, Revilla-Nuin B, Baroja-Mazo A, Ramirez P, Martinez-
Alarcon L, Sanchez-Bueno F, et al. FoxP3 in peripheral blood is
associated with operational tolerance in liver transplant patients during
immunosuppression withdrawal. Transplantation. (2008) 86:1370-8.
doi: 10.1097/TP.0b013e318188d3e6

Baroja-Mazo A, Revilla-Nuin B, de Bejar A, Martinez-Alarcon L, Herrero JI,
El-Tayeb A, et al. Extracellular adenosine reversibly inhibits the activation
of human regulatory T cells and negatively influences the achievement of
the operational tolerance in liver transplantation. Am J Transplant. (2019)
19:48-61. doi: 10.1111/ajt.15023

Lau AH, Vitalone MJ, Haas K, Shawler T, Esquivel CO, Berquist WE, et al.
Mass cytometry reveals a distinct immunoprofile of operational tolerance
in pediatric liver transplantation. Pediatr Transplant. (2016) 20:1072-80.
doi: 10.1111/petr.12795

Li Y, Koshiba T, Yoshizawa A, Yonekawa Y, Masuda K, Ito A, et al. Analyses
of peripheral blood mononuclear cells in operational tolerance after pediatric
living donor liver transplantation. Am ] Transplant. (2004) 4:2118-25.
doi: 10.1111/j.1600-6143.2004.00611.x

Jhun J, Lee SH, Lee SK, Kim HY, Jung ES, Kim DG, et al. Serial
monitoring of immune markers being represented regulatory
T cell/T helper 17 cell ratio: indicating tolerance for tapering
immunosuppression after liver transplantation. Front Immunol. (2018)
9:352. doi: 10.3389/fimmu.2018.00352

Martinez-Llordella M, Puig-Pey I, Orlando G, Ramoni M, Tisone
G, Rimola A, et al. Multiparameter immune profiling of operational
tolerance in liver transplantation. Am ] Transplant. (2007) 7:309-19.
doi: 10.1111/j.1600-6143.2006.01621.x

Wang XQ, Lo CM, Chen L, Cheung CK, Yang ZF, Chen YX, et al.
Hematopoietic transplantation  patients
hematopoietic stem/progenitor cells in adult human liver. Hepatology.
(2012) 56:1557-66. doi: 10.1002/hep.25820

Mazariegos GV, Zahorchak AE Reyes J, Chapman H, Zeevi A, Thomson
AW. Dendritic cell subset ratio in tolerant, weaning and non-tolerant liver
recipients is not affected by extent of immunosuppression. Am J Transplant.
(2005) 5:314-22. doi: 10.1111/j.1600-6143.2004.00672.x

Tokita D, Mazariegos GV, Zahorchak AF, Chien N, Abe M, Raimondi G,
et al. High PD-L1/CD86 ratio on plasmacytoid dendritic cells correlates
with elevated T-regulatory cells in liver transplant tolerance. Transplantation.
(2008) 85:369-77. doi: 10.1097/TP.0b013e3181612ded

Perez-Sanz F, Revilla-Nuin B, Martinez-Alarcon L, Herrero JI, Ramirez
P, Pons JA, et al. Tolerance biomarkers in liver transplantation:
independent external validation of the predictive strength of SENP6
and FEMIC gene expression. Transplantation. (2019) 103:1887-92.
doi: 10.1097/TP.0000000000002587

Li L, Wozniak LJ, Rodder S, Heish S, Talisetti A, Wang Q, et al. A
common peripheral blood gene set for diagnosis of operational tolerance in
pediatric and adult liver transplantation. Am ] Transplant. (2012) 12:1218-
28. doi: 10.1111/§.1600-6143.2011.03928 x

Bohne F, Martinez-Llordella M, Lozano JJ, Miquel R, Benitez C, Londono
MC, et al. Intra-graft expression of genes involved in iron homeostasis
predicts the development of operational tolerance in human liver
transplantation. J Clin Invest. (2012) 122:368-82. doi: 10.1172/JCI59411
Bohne E Londono MC, Benitez C, Miquel R, Martinez-Llordella M, Russo
C, et al. HCV-induced immune responses influence the development of
operational tolerance after liver transplantation in humans. Sci Transl Med.
(2014) 6:242ra81. doi: 10.1126/scitranslmed.3008793

Girelli D, Pasino M, Goodnough JB, Nemeth E, Guido M, Castagna A, et al.
Reduced serum hepcidin levels in patients with chronic hepatitis C. ] Hepatol.
(2009) 51:845-52. doi: 10.1016/j.jhep.2009.06.027

Bonaccorsi-Riani E, Pennycuick A, Londono MC, Lozano JJ, Benitez C,
Sawitzki B, et al. Molecular characterization of acute cellular rejection
occurring during intentional immunosuppression withdrawal in liver
transplantation. Am ] Transplant. (2016) 16:484-96. doi: 10.1111/ajt.13488
MacParland SA, Liu JC, Ma XZ, Innes BT, Bartczak AM, Gage BK, et al. Single
cell RNA sequencing of human liver reveals distinct intrahepatic macrophage
populations. Nat Commun. (2018) 9:4383. doi: 10.1038/s41467-018-06318-7
Feng S, Bucuvalas J. Tolerance after liver transplantation: where are we? Liver
Transpl. (2017) 23:1601-14. doi: 10.1002/1t.24845

chimerism in liver and

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

Kawai T, Leventhal ], Wood K, Strober S. Summary of the third international
workshop on clinical tolerance. Am ] Transplant. (2019) 19:324-30.
doi: 10.1111/ajt.15086

Benitez C, Londono MC, Miquel R, Manzia TM, Abraldes JG, Lozano JJ, et al.
Prospective multicenter clinical trial of immunosuppressive drug withdrawal
in stable adult liver transplant recipients. Hepatology. (2013) 58:1824-35.
doi: 10.1002/hep.26426

Mastoridis S, Martinez-Llordella M, Sanchez-Fueyo A. Immunotolerance
in liver transplantation. Dis.  (2017) 37:95-108.
doi: 10.1055/s-0037-1602762

Sanchez-Fueyo A. Tolerance profiles and immunosuppression. Liver Transpl.
(2013) 19 Suppl 2:544-8. doi: 10.1002/1t.23749

Levitsky J, Feng S. Tolerance in clinical liver transplantation. Hum Immunol.
(2018) 79:283-7. doi: 10.1016/j.humimm.2017.10.007

de la Garza RG, Sarobe P, Merino J, Lasarte JJ, D’Avola D, Belsue V; et al.
Trial of complete weaning from immunosuppression for liver transplant
recipients: factors predictive of tolerance. Liver Transpl. (2013) 19:937-44.
doi: 10.1002/1t.23686

Talisetti A, Hurwitz M, Sarwal M, Berquist W, Castillo R, Bass
D, et al. Analysis of clinical variables associated with tolerance in
pediatric liver transplant recipients. Pediatr Transplant. (2010) 14:976-9.
doi: 10.1111/.1399-3046.2010.01360.x

Murphy MS, Harrison R, Davies P, Buckels JA, Mayer AD, Hubscher
S, et al. Risk factors for liver rejection: evidence to suggest enhanced
allograft tolerance in infancy. Arch Dis Child. (1996) 75:502-6.
doi: 10.1136/adc.75.6.502

Demetris AJ, Isse K. Tissue biopsy monitoring of operational tolerance in
liver allograft recipients. Curr Opin Organ Transplant. (2013) 18:345-53.
doi: 10.1097/MOT.0b013e3283615d48

Donckier V, Craciun L, Miqueu P, Troisi RI, Lucidi V, Rogiers X, et al.
Expansion of memory-type CD8" T cells correlates with the failure of
early immunosuppression withdrawal after cadaver liver transplantation
using high-dose ATG induction and rapamycin. Transplantation. (2013)
96:306-15. doi: 10.1097/TP.0b013e3182985414

Devlin ], Doherty D, Thomson L, Wong T, Donaldson P, Portmann B,
et al. Defining the outcome of immunosuppression withdrawal after liver
transplantation. Hepatology. (1998) 27:926-33. doi: 10.1002/hep.510270406
Tang Q, Vincenti F. Transplant trials with Tregs: perils and promises. ] Clin
Invest. (2017) 127:2505-12. doi: 10.1172/JCI90598

Wood K], Bushell A, Hester J. Regulatory immune cells in transplantation.
Nat Rev Immunol. (2012) 12:417-30. doi: 10.1038/nri3227

Thomson AW, Ezzelarab MB. Regulatory dendritic cells: profiling, targeting,
and therapeutic application. Curr Opin Organ Transplant. (2018) 23:538-45.
doi: 10.1097/MOT.0000000000000565

Whitehouse GP, Hope A, Sanchez-Fueyo A. Regulatory T-cell therapy
in liver transplantation. Transpl Int. (2017) 30:776-84. doi: 10.1111/tri.
12998

Kholodenko IV, Kholodenko RV, Lupatov AY, Yarygin KN. Cell therapy as
a tool for induction of immunological tolerance after liver transplantation.
Bull Exp Biol Med. (2018) 165:554-63. doi: 10.1007/s10517-018-4213-8
Popp FC, Fillenberg B, Eggenhofer E, Renner P, Dillmann J, Benseler V,
et al. Safety and feasibility of third-party multipotent adult progenitor cells
for immunomodulation therapy after liver transplantation-a phase I study
(MISOT-I). J Transl Med. (2011) 9:124. doi: 10.1186/1479-5876-9-124
Detry O, Vandermeulen M, Delbouille MH, Somja J, Bletard N, Briquet
A, 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. doi: 10.1016/j.jhep.2017.03.001

Zhang YC, Liu W, Fu BS, Wang GY, Li HB, Yi HM, et al. Therapeutic
potentials of umbilical cord-derived mesenchymal stromal cells for ischemic-
type biliary lesions following liver transplantation. Cytotherapy. (2017)
19:194-9. doi: 10.1016/j.jcyt.2016.11.005

Soeder Y, Loss M, Johnson CL, Hutchinson JA, Haarer ], Ahrens N,
et al. First-in-human case study: multipotent adult progenitor cells for
immunomodulation after liver transplantation. Stem Cells Transl Med.
(2015) 4:899-904. doi: 10.5966/sctm.2015-0002

Hartleif S, Schumm M, Doring M, Mezger M, Lang P, Dahlke MH, et al.
Safety and tolerance of donor-derived mesenchymal stem cells in pediatric

Semin  Liver

Frontiers in Immunology | www.frontiersin.org

June 2020 | Volume 11 | Article 1044


https://doi.org/10.1097/TP.0b013e318188d3e6
https://doi.org/10.1111/ajt.15023
https://doi.org/10.1111/petr.12795
https://doi.org/10.1111/j.1600-6143.2004.00611.x
https://doi.org/10.3389/fimmu.2018.00352
https://doi.org/10.1111/j.1600-6143.2006.01621.x
https://doi.org/10.1002/hep.25820
https://doi.org/10.1111/j.1600-6143.2004.00672.x
https://doi.org/10.1097/TP.0b013e3181612ded
https://doi.org/10.1097/TP.0000000000002587
https://doi.org/10.1111/j.1600-6143.2011.03928.x
https://doi.org/10.1172/JCI59411
https://doi.org/10.1126/scitranslmed.3008793
https://doi.org/10.1016/j.jhep.2009.06.027
https://doi.org/10.1111/ajt.13488
https://doi.org/10.1038/s41467-018-06318-7
https://doi.org/10.1002/lt.24845
https://doi.org/10.1111/ajt.15086
https://doi.org/10.1002/hep.26426
https://doi.org/10.1055/s-0037-1602762
https://doi.org/10.1002/lt.23749
https://doi.org/10.1016/j.humimm.2017.10.007
https://doi.org/10.1002/lt.23686
https://doi.org/10.1111/j.1399-3046.2010.01360.x
https://doi.org/10.1136/adc.75.6.502
https://doi.org/10.1097/MOT.0b013e3283615d48
https://doi.org/10.1097/TP.0b013e3182985414
https://doi.org/10.1002/hep.510270406
https://doi.org/10.1172/JCI90598
https://doi.org/10.1038/nri3227
https://doi.org/10.1097/MOT.0000000000000565
https://doi.org/10.1111/tri.12998
https://doi.org/10.1007/s10517-018-4213-8
https://doi.org/10.1186/1479-5876-9-124
https://doi.org/10.1016/j.jhep.2017.03.001
https://doi.org/10.1016/j.jcyt.2016.11.005
https://doi.org/10.5966/sctm.2015-0002
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Dai et al.

Understanding Liver Transplant Immune Tolerance

154.

155.

156.

157.

158.

159.

160.

161.

living-donor liver transplantation: the MYSTEP1 study. Stem Cells Int.
(2017) 2017:2352954. doi: 10.1155/2017/2352954

Shi M, Liu Z, Wang Y, Xu R, Sun Y, Zhang M, et al. A pilot
study of mesenchymal stem cell therapy for acute liver allograft
rejection. Stem Cells Transl Med. (2017) 6:2053-61. doi: 10.1002/sctm.
17-0134

Todo S, Yamashita K, Goto R, Zaitsu M, Nagatsu A, Oura T, et al. A
pilot study of operational tolerance with a regulatory T-cell-based cell
therapy in living donor liver transplantation. Hepatology. (2016) 64:632-43.
doi: 10.1002/hep.28459

Sanchez-Fueyo A, Whitehouse G, Grageda N, Cramp ME, Lim TY, Romano
M, et al. Applicability, safety, and biological activity of regulatory T cell
therapy in liver transplantation. Am ] Transplant. (2020) 20:1125-36.
doi: 10.1111/ajt.15700

Casiraghi F, Perico N, Remuzzi G. Mesenchymal stromal cells for tolerance
induction in organ transplantation. Hum Immunol. (2018) 79:304-13.
doi: 10.1016/j.humimm.2017.12.008

Podesta MA, Remuzzi G, Casiraghi F.
cells for transplant tolerance. Front Immunol.
doi: 10.3389/fimmu.2019.01287

Wagner DL, Amini L, Wendering DJ, Burkhardt LM, Akyuz L, Reinke
P, et al. High prevalence of Streptococcus pyogenes Cas9-reactive T
cells within the adult human population. Nat Med. (2019) 25:242-8.
doi: 10.1038/541591-018-0204-6

MacDonald KG, Hoeppli RE, Huang Q, Gillies J, Luciani DS, Orban PC, et al.
Alloantigen-specific regulatory T cells generated with a chimeric antigen
receptor. J Clin Invest. (2016) 126:1413-24. doi: 10.1172/]JCI82771
Thomson AW. A view of the future of regulatory immune cell therapy
in organ transplantation. Curr Opin Organ Transplant. (2018) 23:507-8.
doi: 10.1097/MOT.0000000000000570

stromal
10:1287.

Mesenchymal
(2019)

162.

163.

164.

165.

Thomson AW, Humar A, Lakkis FG, Metes DM. Regulatory dendritic
cells for promotion of liver transplant operational tolerance: rationale for a
clinical trial and accompanying mechanistic studies. Hum Immunol. (2018)
79:314-21. doi: 10.1016/j.humimm.2017.10.017

Thomson AW, Zahorchak AF, Ezzelarab MB, Butterfield LH,
Lakkis FG, Metes DM. Prospective clinical testing of regulatory
dendritic cells in organ transplantation. Front Immunol. (2016) 7:15.
doi: 10.3389/fimmu.2016.00015

Figueiredo C, Oldhafer F  Wittauer EM, Carvalho-Oliveira
M, Akhdar A, Beetz O, et al. Silencing of HLA «class I on
primary human hepatocytes as a novel strategy for reduction in
alloreactivity. J Cell Mol Med. (2019) 23:5705-14. doi: 10.1111/jcmm.
14484

Le Guen V, Judor JP, Boeffard E Gauttier V, Ferry N, Soulillou
TP, Alloantigen  gene hepatocytes promotes
tolerance to pancreatic islet graft by inducing CD8' regulatory
T cells. J Hepatol (2017) 66:765-77. doi: 10.1016/j.jhep.2016.
11.019

et al transfer  to

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Dai, Zheng, Thomson and Rogers. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Immunology | www.frontiersin.org

14

June 2020 | Volume 11 | Article 1044


https://doi.org/10.1155/2017/2352954
https://doi.org/10.1002/sctm.17-0134
https://doi.org/10.1002/hep.28459
https://doi.org/10.1111/ajt.15700
https://doi.org/10.1016/j.humimm.2017.12.008
https://doi.org/10.3389/fimmu.2019.01287
https://doi.org/10.1038/s41591-018-0204-6
https://doi.org/10.1172/JCI82771
https://doi.org/10.1097/MOT.0000000000000570
https://doi.org/10.1016/j.humimm.2017.10.017
https://doi.org/10.3389/fimmu.2016.00015
https://doi.org/10.1111/jcmm.14484
https://doi.org/10.1016/j.jhep.2016.11.019
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Transplant Tolerance Induction: Insights From the Liver
	Introduction
	Intrahepatic Immune Cells Interact with Liver Parenchymal Cells to Generate a Tolerogenic Microenvironment
	Comparing the Intrinsic Tolerogenicity of the Liver Grafts in Animals and Humans
	Understanding the Mechanisms of Experimental Liver Transplant Tolerance
	Monitoring and Prediction of Clinical Liver Transplant Tolerance
	Ongoing and Novel Therapeutic Approaches to Promote Liver Transplant Tolerance in Patients
	Conclusions
	Author Contributions
	Acknowledgments
	References


