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« La science est une histoire sans fin. La question n’est pas de savoir qui a raison, qui a tort. 

Le but est de progresser.  

[…] 

Les plus grands défis ne sont pas surmontés quand nos prédictions sont exactes, mais quand 

elles ne le sont pas ! Nous découvrons alors de nouvelles informations qui nous obligent à 

modifier tout ce que nous croyions savoir. » 

 

Stephen Hawking  

 

 

  



 

 

 3 

Avant-propos 

 
Je souhaiterais remercier chaleureusement toutes les personnes qui m’ont aidé, de près ou 

de loin, à réaliser ce travail.  

 

Je tiens tout d'abord à exprimer ma profonde gratitude envers mes promoteurs, les 

Professeurs F. Jouret, chef de service de néphrologie du CHU de Liège, et O. Detry, chirurgien 

dans le service de chirurgie digestive et de transplantation du CHU de Liège, pour votre 

guidance, votre soutien infaillible et votre expertise tout au long de cette aventure 

scientifique. Vos conseils éclairés, votre disponibilité et votre bienveillance ont été essentiels 

dans la réalisation de cette thèse, et je suis extrêmement reconnaissant de vous avoir eu 

comme guides tout au long de ce parcours.  

 

Je souhaite également remercier sincèrement le Pr J.-O. Defraigne qui a accepté de présider 

le Jury de cette thèse ainsi que les Professeurs Y. Beguin, P.-V. Drion, A. De Roover et J. 

Delwaide, membres de mon comité de thèse. Vos critiques constructives, vos remarques 

éclairées et vos encouragements lors des réunions de Comité de thèse ont enrichi mon travail 

de recherche et ont été une source d'inspiration et de motivation.  

 

Je tiens également à exprimer ma profonde reconnaissance envers les membres du jury 

extérieurs, les Professeurs J. Pirenne et G. Oldani, qui me font l'honneur de participer au jury 

de ce thèse. Un remerciement tout particulier au Professeur G. Oldani, dont les nombreux 

conseils m'ont permis d’apprendre le modèle de transplantation hépatique chez le rat. 

 

Je remercie aussi toutes les personnes qui ont permis la réalisation et l’interprétation de la 

partie clinique de ce travail, les Professeurs Y. Beguin et F. Baron, les Docteurs M. Hannon, C. 

Lechanteur, A. Briquet, O. Giet et E. Baudoux du service d’Hématologie, du laboratoire 

d’hématologie du GIGA et du LTCG, le Professeur F. Jouret et le docteur P. Erpicum, du service 

de néphrologie, le Professeur O. Detry et le Docteur M. Mohamed-Wais en chirurgie 

abdominale, les coordinatrices de transplantation, les docteurs N. Bletard et J Somja du 



 

 

 4 

département d’anatomopathologie. Je remercie particulièrement Monsieur G. Maggipinto, 

du laboratoire d’immuno-hématologie, pour les nombreuses heures passées à mes côtés pour 

m’aider à analyser et à interpréter les Luminex et anticorps anti-HLA. 

 

Je remercie chaleureusement les membres de la merveilleuse équipe du « LTRN » et du  

CREDEC (Centre de Recherche et Développement en Chirurgie), les actuels et les anciens, qui 

ont rendu cette expérience au laboratoire très agréable. Merci tout particulièrement à Pascal 

et Pauline, qui ont été mes « exemples à suivre », pour les  pauses-café et les nombreux 

conseils, mais également à Badr et Justine, pour l’agréable bout de chemin parcouru 

ensemble, et les galères partagées. Merci aussi à Jean-Paul, pour son aide précieuse et ses 

bons conseils. Merci à Laurence. Merci également aux « voisines », Cécile et Christelle pour 

les temps de midi, l’ambiance chaleureuse, leur écoute et leurs conseils. 

 

Merci à S. Raafat et Céline Vaniwinge, de la plateforme GIGA d’imagerie cellulaire et 

cytométrie en flux pour leur aide au paramétrage et à l’interprétation des données du FACS.  

Merci également à tous les membres du GIGA cardiovasculaire avec qui j’ai eu le plaisir de 

travailler. 

 

J'aimerais également adresser mes sincères remerciements à mes maintenant collègues du 

service de chirurgie abdominale, des glandes endocrines et de transplantation du CHU de 

Liège (Pr A. De Roover) ainsi qu’à tous les chirurgiens rencontrés lors de ma formation. Leurs 

conseils bienveillants à mon égard, leur soutien et leur énorme contribution à ma formation 

chirurgicale ont été inestimables.  

 

Je ne peux que remercier de tout cœur ma famille, et particulièrement mon papa et ma sœur, 

pour leur soutien et leur amour indéfectible. Vos encouragements constants, vos conseils 

avisés et votre bienveillance ont été les fondements sur lesquels j'ai pu construire ma vie et 

mes réussites. Merci pour tout ce que vous avez fait pour moi.  

 

Je tiens à exprimer ma profonde gratitude envers mes amis, d’ici et d‘ailleurs, qui persistent 

malgré les années. Ils ont été une source inestimable de soutien et ont souvent été la bouffée 



 

 

 5 

d’oxygène nécessaire à la poursuite de cette aventure; particulièrement Nico, Martin, Colt, 

Dam, Francis, Bo, Alex, Jerem, Clem, Didjé, NicoW, Chris, Mouks, Marty, Philou, OBK, les 

copains du tctc, de MMO, et tous les autres… Merci ! 

 

A Mathilde, merci pour ta présence, ton soutien, ta compréhension, ta confiance et ton 

amour.  Merci pour tous ces beaux moments passés et à venir. Merci d’être là pour moi. 

 

La réalisation de ces travaux a été possible grâce à l’aide financière du Fonds National de la 

Recherche Scientifique via un mandat de Candidat Spécialiste Doctorant et un Crédit de 

Recherche, au soutien de la Fondation Léon Frédéricq, de l’Université et du CHU de Liège. Je 

les en remercie.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 6 

SUMMARY 

Liver transplantation (LTx) is presently considered as the most effective treatment for 
the majority of end-stage liver diseases, with highly favorable results in both the short- and 
long-term. However, the long-term use of immunosuppressive drugs (ISDs) exposes liver 
transplant recipient (LTR) to numerous side effects that restrict these excellent outcomes. 
Furthermore, the use of marginal livers to address the shortage of liver grafts exposes the 
recipient to more complications, primarily due to ischemia-reperfusion injuries (IRI). Many 
strategies, aiming at preventing and attenuating IRI in the liver and limiting the use of ISD and 
their linked side-effects, are studied. Mesenchymal stromal cells (MSCs), thanks to their 
immunosuppressive properties including their beneficial effect on regulatory T cells (Treg), 
could have the potential to modulate immunity to prevent acute rejection (AR) after LTx 
without (or with lower doses of) ISDs as well as to reduce IRI. In addition to very encouraging 
preclinical results, the safety and efficacy of MSC therapy in human subjects require additional 
validation before being expanded for broader use in large-scale LTx programs. Furthermore, 
many parameters about the use of MSCs including the optimal ISDs to combine with MSCs in 
order to achieve a synergistic effect, still need to be defined. Here, we report on the first 
prospective phase I-II controlled clinical trial investigating the safety and tolerability of a single 
allogeneic bone marrow-derived MSC injection following deceased donor LTx in addition to 
conventional ISD regimen. No potential adverse effect related to MSC treatment was 
observed, particularly there was no increase in the rate of opportunistic complications which 
were comparable in both the MSC and control groups. Nevertheless, our data suggest that 
MSC may promote the emergence of donor-specific antibodies (DSAs) against liver or MSC 
donors, encouraging the monitoring of DSA in future studies. Moving from bed to bench-side, 
we showed, in vivo, that MSC and the association of everolimus and MSC could be beneficial 
for regulatory Treg expansion. However, in our LTx model in rat, 2 MSC injections after LTx 
were inefficient in preventing severe AR. Additionally, when compared to everolimus alone, 
there was no difference in the effects of the association of MSCs with everolimus. One of our 
hypotheses is that MSCs should be injected earlier.  

As a whole, our work brings new data supporting the use of MSC for LTx. Further 
investigations on MSCs in LTx will probably help to design more efficient (pre)clinical studies.  
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RÉSUMÉ 
 
 

La transplantation hépatique (TH) est actuellement considérée comme le traitement 
le plus efficace pour la plupart des maladies du foie en phase terminale, avec des résultats 
très favorables à la fois à court et à long termes. Cependant, l’utilisation à long terme de 
médicaments immunosuppresseurs (MIS) expose le receveur de greffe de foie (RGF) à de 
nombreux effets secondaires qui limitent ces résultats favorables. En outre, l’utilisation 
nécessaire de greffons marginaux pour pallier le manque de greffons expose les RGFs à plus 
de complications, principalement en raison de lésions d’ischémie-reperfusion (IRI). De 
nombreuses stratégies sont étudiées, visant à prévenir et atténuer les IRI dans le foie et à 
diminuer l’utilisation de MIS ainsi que leurs effets secondaires. Les cellules stromales 
mésenchymateuses (CSM), grâce à leurs propriétés immunosuppressives y compris leur effet 
bénéfique sur les cellules T régulatrices (Treg), pourraient avoir le potentiel de moduler 
l'immunité pour prévenir le rejet aigu (RA) après TH sans ou avec des doses plus faibles de 
MIS, ainsi que pour réduire l’IRI. Malgré des résultats précliniques encourageants, la sécurité 
et l'efficacité des traitements par CSM chez l’homme nécessitent une validation 
supplémentaire avant qu’ils soient étendus en routine aux programmes de TH. En outre, parmi 
beaucoup d’autres paramètres, le choix des DIS à associer aux CSM pour tenter d’obtenir un 
effet synergique doit encore être défini. Ici, nous rapportons le premier essai clinique contrôlé 
prospectif de phase I-II étudiant la sécurité et la tolérance d'une seule injection de CSM après 
TH (au 3ème jour post-TH) en plus d’un traitement immunosuppresseur conventionnel. Aucun 
effet indésirable potentiel lié à l’utilisation de CSM n'a été observé, en particulier aucune 
augmentation du taux de complications opportunistes. Néanmoins, nos données suggèrent 
que les CSM pourraient favoriser l’apparition d’anticorps spécifiques aux donneurs de foie et 
de CSM. En parallèle, in vivo, nous avons confirmé que  les CSM de même que leur association 
avec de l’everolimus étaient bénéfiques pour les Tregs. Cependant, dans un modèle de TH 
chez le rat, 2 injections de CSM après TH se sont révélées inefficaces pour prévenir le RA et, 
par rapport à l'éverolimus seul, il n'y a pas eu d’avantage démontré à associer les CSM et 
l’everolimus. L’une de nos hypothèses est que les CSMs devraient être injectées plus tôt, au 
moment de la TH par exemple.  

Dans l’ensemble, notre travail apporte de nouvelles données qui soutiennent 
l’utilisation des CSM en TH. Des recherches supplémentaires sur l’utilisation de CSM dans la 
TH aideront probablement à concevoir de nouvelles études (pré)cliniques pour démontrer 
leur efficacité.  
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CHAPTER I. INTRODUCTION 

1 Liver Transplantation 

1.1 History of liver transplantation 

In 1963, Thomas Starzl performed the first human liver transplantations (LTx) at the 

University of Colorado, Denver, USA. Nevertheless, outcomes from his and other pioneers’ 

experiences were very poor with a survival of less than 1 month, and LTx remained 

experimental until the 80’s [3]. The improvement of organ preservation techniques as well as 

advancements in the management of the recipient with improvement of anesthesia, 

perioperative care and surgical techniques led to improved LTx outcomes, but the real 

revolution in LTx came with the discovery and the development of cyclosporine A (CsA) during 

the 70’s [4]. The works of Roy Calne and his team from the Cambridge-King’s group who 

initiated in 1979 the cyclosporine clinical trials in LTx changed the face of transplantation [5]. 

From there, the introduction of a combination of CsA (followed some years later by 

tacrolimus) and prednisone in the early 80’s by Starzl, has made it possible to achieve 

prolonged survival after LTx [6]. Very importantly, in 1983, the U.S. National Institutes of 

Health Consensus Development Conference concluded that LTx  was “clinical service”, leading 

to the adoption of LTx as a validated clinical procedure worldwide [3]. 

1.2 Outcomes and limitations 

Nowadays, LTx is recognized as a life-saving treatment modality for an increasing 

number of indications with excellent long-term survival. Nevertheless, due to the limited 

organ supply, approximatively 20% of patients die while on the waiting list. To overcome this 

organ shortage, the criteria for organ selection, such as livers donated after circulatory death 

(DCD) or steatotic livers, has been extended. However, these high-risk grafts are more 
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susceptible to ischemia-reperfusion injury (IRI), with increased graft loss rates due to 

dysfunction or ischemic cholangiopathy (see infra) [7, 8]. 

On the other hand, immunosuppressive drugs (ISDs) used to prevent and cure allograft 

rejection, are also a significant factor limiting long-term outcomes due to their toxicities 

(malignancies, infections, metabolic syndrome, renal, cardiovascular and neurological 

toxicity,…) [9].  

New strategies aiming at preventing and attenuating IRI in the liver graft and limiting 

the use of ISD and their associated side-effects are needed to increase access to this life-saving 

treatment modality and to improve long-term outcomes of LTx.  

1.3 Hepatic ischemia reperfusion injury  

IRI is defined as tissue damages that occur when an organ blood flow is interrupted 

(ischemia) and subsequently resumed (reperfusion) [10]. It is an unavoidable consequence of 

transplantation that the allograft sustains some degree of ischemia. This happens during 

organ harvesting as well as during organ transportation to the transplant facility (known as 

the cold ischemia time since the liver is stored in the cold), and during organ implantation 

(known as the warm ischemia time). Compared to donation after brainstem death (DBD), an 

additional warm ischemia is unavoidable in the case of DCD due to the delay between 

circulatory collapse and liver procurement [11]. As a result of ischemia, intracellular adenosine 

triphosphate (ATP) depletion occurs in liver sinusoidal endothelial cells (LSEC) and 

hepatocytes, leading to cell injury and death [12, 13]. After reperfusion, the recruitment and 

activation of neutrophils and Kupffer cells (KC) within the liver graft exacerbate IRI through 

the release of reactive oxygen species and pro-inflammatory cytokines such as interleukine 

(IL) -1, tumor necrosis factor (TNF) -a and interferon (IFN) -g, eliciting further damages with 

recruitment of leukocytes to the allograft. Ultimately, IRI activates hepatic stellate cells (HSCs), 

which facilitate long-term recovery from IRI but can result in allograft fibrosis [14].  

Hepatic IRI negatively affects allograft outcomes with an increased rate of 

complications such as graft dysfunction, biliary strictures and acute and chronic rejection. The 

intensity of IRI is affected by the characteristics of the donors. The shortage of available organs 
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for transplantation leads to the use of “extended criteria donors” who present a higher risk 

for IRI, especially for steatotic and DCD livers. Finally, patients experiencing severe IRI show 

poorer graft function and survival after LTx [2, 15]. Many therapeutics have been studied to 

alleviate IRI after LTx including anti-inflammatory drug cocktails, gene-based therapy and cell-

based therapy, but to date, none has shown convincing clinical results [12, 16]. 

1.4 Liver transplant rejection 

Liver allograft rejection is due to the recognition of the “non-self” alloantigens by host 

immune cells after LTx. The most common mechanism of rejection is T cell-mediated rejection 

(TCMR) with an infiltration of the liver by T cells and activated innate immune cells leading to 

allograft damage. Antibody-mediated rejection (ABMR) was considered as a rare 

phenomenon after LTx. Nevertheless, recent data suggest that liver damage due to donor-

specific antibodies (DSAs) may occur.  

1.4.1 T cell-mediated rejection 

1.4.1.1 Basis of TCMR 

The major histocompatibility complex (MHC) molecules represent the main antigens 

responsible for rejection. In humans, the MHC complex is represented by the Human 

Leukocyte Antigen (HLA).  MHC class I molecules are expressed at the surface of all nucleated 

cells and present intracellular epitopes to cluster of differentiation (CD)8 positive (+) cytotoxic 

T cells. MHC class II molecules are generally expressed only on antigen-presenting cells (APC) 

such as dendritic cells (DCs) and KCs and present epitopes derived from extracellular material 

to CD4+ helper T cells (Th) [2]. In case of liver inflammation, expression of both MHC-I and 

MHC-II is upregulated and rejection is thus promoted (Figure 1).  

After LTx, alloantigen presentation to T cells (mainly by DCs) is a major step in the 

rejection process. The initial actor of T-cell activation is represented by a large number of 

donor-derived DCs (the so-called “passenger leukocytes”) migrating to the recipient’s 
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lymphoid tissues. These DCs provide a first stimulus for naive CD4+ T cells by recognition of 

the presented alloantigen but also of MHC molecules by T-cell receptors (TCR). This 

constitutes the direct pathway. DC expressing MHC class I and II are able to activate both CD4+ 

helper and CD8+ cytotoxic T cells. The successful activation of T cells by DCs depends on 

different adhesion molecules and co-stimulatory molecule interactions expressed on their 

surface [17]. The priming of T cells leads to the activation of the calcineurin enzyme within T 

cells activating transcription factors that upregulate the expression of IL-2. IL-2 represents the 

main stimulus for T-cell proliferation through its interaction with the IL-2 receptor on the cell 

membrane.  Besides the direct pathway, alloantigen recognition also depends on the indirect 

pathway in which the presentation of alloantigens is mediated by recipient DCs and other 

APCs presenting alloantigens through self-MHC. The semi-direct pathway activates T cells 

through presentation of intact donor MHC molecules on the membrane of recipient DCs. In 

toto, TCMR thus requires i) the presentation of alloantigens to CD4+ naive T cells by APCs ii) 

interaction between the MHC and TCR iii) the presence of costimulatory molecules iv) IL-2 and 

other stimulatory cytokines, to lead to clonal expansion of alloreactive T cells. This leads to 

the expansion of effector B and T cells emerging from recipient lymphoid tissues and 

infiltrating the liver graft. These cells then drive an inflammatory response into the graft 

(infiltration by effector T cells, activated macrophages, secretory B cells, …) finally leading to 

allograft damage (Figure 1) [18].  

Most of the time, TCMR occurs within 6 weeks after transplantation. Although minor 

increases of liver enzymes are commonly associated with TCMR, the sensitivity and specificity 

of abnormal tests are generally poor. Consequently, allograft core needle biopsy continues to 

be the gold standard for TCMR diagnosis [19-21]. The histological grading of rejection is based 

on the Banff working group classification and is given by a quantitative score based on the 

intensity of 1) portal inflammation [0-3] 2) bile duct inflammation damage [0-3] and 3) venous 

endothelial inflammation [0-3] [19]. Interestingly, fluorodeoxyglucose positron emission 

tomography combined with computed tomography has been shown to be linked with AR in 

LTR and could represent a potential noninvasive tool for AR detection but this requires further 

evaluation [22]. As long as the episode of rejection is appropriately managed, TCMR of the 

liver allograft has not been demonstrated to have a detrimental effect on graft or patient 

survival [20].  



 

 

 17 

1.4.1.2 Effector cells  

CD8+ cytotoxic T cells 

The main effector responsible for graft tissue damage is primed CD8+ cytotoxic T 

effector cells (CD62L-,CCR7-,CD45RA- CD45RO-). Binding of the TCR to donor-derived MHC 

class I molecules widely expressed on hepatocytes, endothelium and biliary epithelial cells 

activates cytolytic activity (Figure 1). In addition to TCR:MHC interaction, activation of CD8+ 

cytotoxic T cells also depends on interactions with other adhesion molecules such as LFA1-

ICAM1 and CD2-LFA3 molecules [2, 23]. After priming, a part of naïve CD8+ T 

(CD62L+,CCR7+,CD45RA+ CD45RO-) also differentiate into CD8+ memory T cells (CD62L+/-

,CCR7+/-,CD45RA- CD45RO+)[24]. 

CD4+ helper T cells 

Depending on cytokine environment, different CD4+ subsets are generated from naive 

CD4+ T cells, each subset producing a different type of IL. The main driver of TCMR is 

considered to be the pro-inflammatory Th1 response. In the presence of IL-12, Th1 cells, 

continuously produce IL-2 and INF-g which activate macrophages and CD8+ cytotoxic T cells 

(Figure 1) [25]. On the contrary, in the presence of IL-4, the polarized Th2 response is generally 

considered as tolerogenic through the secretion of IL-4 and IL-10 that inhibit the Th1 response 

[26]. Nevertheless, Th2 cells have also been shown to be implicated as direct mediators of 

rejection notably through interaction with B cells leading to the production of DSAs (Figure 1) 

[2, 27]. 

As IL-17 is a potent neutrophil attractor, Th17 cells also play an important role in tissue 

damage. They promote allograft rejection and have been associated with impaired tolerance 

[2, 28]. The secretion of IL-6 and IL-1ß by biliary epithelial cells seems to play an important 

role in maintaining Th17 differentiation. There appears to exist a dynamic equilibrium 

between Th17 and regulatory T-cell (Treg) differentiation, and these cell populations direct 

the immune response towards rejection or tolerance, respectively (Figure 1) [29].  
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Different markers allows to identify naive CD4+ T cells (CD25-, CD45RA+, CD45RO-, 

CD127+) which can differentiate from naive to effector T cell (CD25+, CD45RA+/-, CD45RO+/-, 

CD127-) migrating to the site of rejection and memory T cell (CD25-/+, CD45RA-, CD45RO+, 

CD127+) responding faster in case of re-exposure to antigen [24].  

Memory T cells 

After exposure to a novel antigen, a small part of naive T cells also differentiates into 

memory T cells that will reside for a long time in peripheral tissues. In case of repeated 

exposure to the antigen, these cells will respond faster and stronger than naive T cells. 

Paradoxically, memory T cells appear to play also an important role in initial acute rejection 

(AR) despite the fact that the exposure of the allograft to the recipient is “new”. This is 

explained by the pre-transplant presence of primed alloreactive memory T cells due to 

previous environmental antigen exposure through blood transfusions, pregnancies, cross-

reactivity between allogeneic peptides and previously encountered pathogen-related 

antigens, etc. [30, 31]. CD4+-derived memory T cells are able to enhance the production of 

DSAs by B cells and so to induce ABMR, while CD8+-derived memory T cells exert direct 

cytotoxic effects. Of note, immunosuppressive drugs are in most cases less effective on 

memory than on naive T cells. This could explain why some patients sometimes do not fully 

respond to conventional treatment for acute TMCR. Memory T cells are also believed to be 

one of the barriers to establishing allograft tolerance [2, 31, 32] 

B cells 

B cells probably play a minor role in the context of TCMR but can still enhance it by 

promoting the activation of T cells and the generation of memory T cells. B cells play a major 

role in ABMR through the production of antibodies (Figure 1) [2].    

Macrophages 

In a simplified view, macrophages can be polarized into two phenotypes, depending 

on numerous cytokines and growth factors. The so-called M1 macrophages, stimulated by 
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Figure 1. (A) Schematic view of the immunological basis of TCMR. Once activated, DCs migrate to lymphoid 
tissue and present foreign antigens on both MHC class I and II molecules. When they interact with naive 
alloreactive T cells, along with the presence of appropriate co-stimulatory molecules and a pro-inflammatory 
cytokine environment, this leads to the proliferation of alloreactive CD4+ and CD8+ effector T-cells, followed 
by the proliferation of B-cells. The migration of these immune cells to the liver is controlled by chemokines like 
CXCL9 and CXCL10, which interact with the CXCR3 receptor on lymphocytes, and involves complex interactions 
with specialized immunomodulatory liver sinusoidal endothelial cells. Specific mechanisms exist for the 
recruitment of lymphocyte subsets like Th17 cells. Additionally, cells of the innate immune system such as 
macrophages, neutrophils, and eosinophils are recruited to the liver. Together with effector T cells, they 
contribute to tissue damage. (B) Antigen presentation within the liver. Antigens are presented within the 
transplanted liver by various cell types, including endothelial cells, macrophages, hepatic stellate cells, 
hepatocytes, and biliary epithelium. Increased antigen presentation is observed during inflammatory episodes. 
Depending on the cytokine environment, interactions between naive lymphocytes and the liver lead to 
rejection or tolerance. The latter is characterized by the apoptosis of effector cells and a shift in T-cell 
differentiation toward the regulatory T-cell phenotype, facilitated by an immunosuppressive cytokine profile. 
CD, cluster of differentiation; DC, dendritic cell; HLA, human leukocyte antigen; IFN, interferon; IL, interleukin; 
MHC, major histocompatibility complex; TCR, T-cell receptor; TGF, tumor growth factor; Th, T helper cell; Treg, 
regulatory T cell.  Adapted from Ronca et al., 2020 [2]. 
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IFN-g and lipopolysaccharides, are considered as pro-inflammatory. Most of the macrophages 

are polarized toward a M1 phenotype and produce inflammatory cytokines such as TNF-a, 

IFN-g, IL-1, IL-12, IL-18, IL-6 and IL-23. In addition to cytokine-mediated effects, infiltrated 

macrophages produce reactive oxygen and nitrogen species leading to allograft damage and 

promoting AR[2, 33]. Intrahepatic macrophages (both donor- and recipient-derived) are also 

able to promote transplant rejection via activation of the adaptive immune response through 

the presentation of alloantigens in MHC class II molecules [33]. On the opposite, M2 

macrophages, which are stimulated by IL-4 and IL-13, are considered as immunosuppressive, 

facilitating wound healing and tolerance [33].  

Neutrophils 

In acute TCMR, neutrophils are commonly recruited in large numbers to the liver 

allograft. They are an important actor of the inflammatory process that regulates the link 

between innate and adaptive immunity [34]. They can be recruited into the graft after IRI and 

are early effector cells in response to adaptive immunity (mainly in Th17 responses) (Figure 

1). Neutrophils are able to generate reactive oxygen species and a lot of enzymes mediating 

cell damage. In contrast, neutrophils can in some conditions show induced anti-inflammatory 

properties inhibiting T-cell activation, which may be important to promote or maintain 

tolerance [34, 35]. 

Eosinophils 

The maturation and the migration of eosinophils in TCMR is generally stimulated by 

Th2 cytokines such as IL-4 and IL-5. Eosinophils have long been recognized as a major actor of 

TCMR in the liver and peripheral eosinophilia has been linked to rejection (Figure 1) [2, 36]. 

Natural killer cells 

Natural killer (NK) cells represent up to 15% of blood lymphocytes but do not express 

T- (CD3) nor B-cell (CD20) antigen receptors, expressing instead CD16 and CD56 [2, 37]. 

Activation of NK cells can be stimulated by both the presence of activating signals and the loss 
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of inhibitory signals. In the allograft, activating signals are generally molecules expressed by 

the allograft tissue in response to a stress in a pro-inflammatory environment. Self MHC class  

I molecules normally interact with the inhibitory receptor on NK cells to protect “normal” cells 

against cytotoxicity mediated by NK cells. In the allograft, non-self MHC class I molecules 

expressed on the cells of the graft are not able to inhibit NK cells, making them susceptible to 

NK cell-mediated cytotoxicity (the “missing self” theory) [2, 31, 37, 38]. The role of NK cells in 

solid-organ transplantation (SOT) is still poorly understood, but it has been shown that they 

are implicated in both TCMR by boosting it but also in tolerance induction by different 

mechanisms (e.g., by killing donor-derived DCs) under some immunosuppressive conditions 

[31, 38].  

1.4.2 Antibody-mediated rejection 

Hyperacute rejection is the most severe kind of ABMR leading to graft failure within 

hours or days, but is exceedingly rare in LTx (e.g in ABO-incompatible grafts, 

xenotransplantation, …). While other forms of ABMR frequently occur after kidney, lung or 

heart transplantation (between 10 and 50%), the liver seems to be at low risk of ABMR even 

if the true incidence is unknown and under-recognized (estimated at 1% of liver transplant 

recipients, LTR) [2, 39]. Although long considered of little relevance in the field of LTx, a 

growing body of evidence suggests a potential deleterious role of both pre-formed and de 

novo DSAs causing DSA-mediated injuries in the liver (and most of the so-called “chronic 

allograft failures”) and influencing LTx outcomes [40-42].   

1.4.2.1 DSA production 

DSAs may be present in the recipient before transplantation (pre-formed DSAs) or may 

arise de novo after transplantation (de novo DSAs). In the case of pre-formed DSAs, the 

presence of alloantibodies before transplantation can be explained by mechanisms 

comparable to those explaining the presence of pre-transplant primed alloreactive memory T 

cells (see supra). On the other hand, the interaction of MHC molecules with naive B cells leads 

to the production of de novo antibodies (classical adaptive pathway) [2, 43]. The presence of 
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pro-inflammatory signals such as IL-1 leads to the activation of B cells that are able to 

internalize antigens and to present them through MHC class II molecules directly interacting 

with primed Th2 cells. Th2 cytokines (such as IL-4 and IL-5) and Th1 cytokines (such as IL-2) 

promote this process. Part of the activated B cells differentiate into plasma cells and start the 

production of DSAs. The other part of activated B cell migrates to lymph nodes to undergo a 

process of maturation, refinement and amplification of the antibody response [20, 31]. 

1.4.2.2 DSA target and effector function 

A "two-hit" theory has been described to explain the mechanism of ABMR of the liver 

transplant[44]. An initial injury to the allograft, such as TCMR, viral hepatitis, hepatic ischemia 

or IRI, leads to the production of pro-inflammatory signals significantly upregulating the 

expression of non-self class I and II MHC molecules on endothelial cells of the liver allograft. 

These non-self molecules constitute the main targets of DSAs. Antibodies against MHC class I 

molecules usually appear earlier than anti-MHC class II antibodies (especially anti-HLA-DQ), 

which develop later in the post-transplant period. When DSAs and their target antigen 

interact, the complement component 1q binds to the Fc regions of bound DSAs, activating the 

classical pathway of the complement system and initiating an enzymatic cascade. This leads 

to the release of inflammatory mediators and chemotactic signals, which are known to be 

important for the activation of mast cells, basophils, and macrophages, for the recruitment of 

these cells and other granulocytes, including eosinophils and for increased vascular 

permeability [45]. 

Additionally, the complement also interacts with the adaptive immune system and 

promotes ABMR. As a sign of complement activation and ABMR, immunohistochemical 

complement component 4d (C4d) deposition on the allograft vasculature is used as a 

diagnostic marker. Despite the fact that the complement seems to be the primary cause of 

tissue injury in ABMR, complement-independent mechanisms also appear to be important. 

One mechanism involves the binding of DSAs to MHC molecules through Fc receptors on 

neutrophils, macrophages and NK cells[2, 46]. DSA binding to the allograft endothelium leads 

to endothelial swelling and injury as well as the development of platelet aggregates, 

microthrombi and inflammation. These changes typically appear as portal edema and 
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hemorrhage, bile ductular response and dilatation of portal microvessels, resulting in graft 

injury [2]. 

Acute ABMR  

Acute ABMR generally occurs within the first weeks after LTx in highly sensitized 

patients (high preexisting DSA titers with high mean fluorescence intensity (MFI)) and is 

commonly described as mild allograft dysfunction (hyperbilirubinemia, thrombocytopenia, ...) 

while hyperacute allograft failure is anecdotal. Less commonly, late-onset acute ABMR (>6 

months after LTx) can also develop in the case of de novo DSAs [19, 39, 47]. The h- 

(histopathology)-score (scoring from 0 to 3) and the C4d-score (scoring from 0 to 3) are both 

used to grade ABMR lesions [19]. The actual Banff criteria for definite diagnosis of acute ABMR 

is defined by the four items listed below (all four criteria are required) [19, 39]:  

1) Histology: portal edema, microvasculitis (with eosinophils, 

neutrophils and monocytes), ductular reaction and endothelial cell 

hypertrophy 

2) Increased DSAs in the serum 

3) Diffuse microvascular C4d deposition 

4) Exclusion of other complications or liver conditions causing the 

same kind of graft damages 

Diagnosis can also be suspicious for ABMR in case of DSA positivity with a C4d-score + h-score 

>3 [19].  

Chronic ABMR  

Because of the lack of specific biochemical and histologic characteristics, the 

prevalence of chronic ABMR is probably underestimated and, despite histological evidence of 

allograft injury, the majority of patients with chronic ABMR have normal liver tests [48]. 

Chronic ABMR can be caused by different mechanisms including antibody-mediated effector 

pathways and antibody-mediated complement activation, which result in inflammation and 

fibrosis of the graft. Along with other factors including transplant vasculopathy with intimal 
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hyperplasia and endothelial cell death, non-inflammatory fibrosis has also been observed in 

the presence of DSAs and may be connected to HSC activation [39]. LTR who are inadequately 

immunosuppressed (low ISD levels or poor adherence) are at higher risk of developing DSAs 

[49]. 

The actual consensus criteria for suspected chronic ABMR are [19]:  

1) Histological injury compatible with chronic ABMR (mild portal and/or perivenular 

mononuclear inflammation with interface and/or perivenular necroinflammatory 

activity + moderate sinusoidal, periportal and/or perivenular fibrosis)  

2) Focal C4d deposition in more than 10% of portal tracts   

3) DSA detection in serum within 3 months of biopsy  

4) Realistic exclusion of other liver insults 

Plasma cell-rich rejection 

Formerly called de novo auto-immune hepatitis, plasma cell hepatitis or plasma cell-

rich rejection remains a poorly understood and atypical cause of late allograft dysfunction 

resembling liver autoimmune hepatitis. The so-called “plasma cell-rich rejection” is due to a 

mixed TCMR/ ABMR etiology overlapping with autoimmunity in patients without a pre-

existing auto-immune hepatitis and is associated with C4d staining of portal capillaries [19]. 

Effect of DSA on liver graft function and outcomes 

The precise role of DSAs in LTx remains uncertain. As opposed to the kidney, the liver 

has been thought for a long time to be unaffected by humoral responses and a cross-match 

test is still not considered as useful in LTx, although a series of LTR with a positive cross-match 

showed decreased graft survival [50]. Even if it has not been confirmed in large RCT, experts 

think that the presence of DSAs influences liver graft outcomes and may be potentially 

associated with i) hyperAR ii) acute ABMR iii) TCMR iv) chronic rejection v) steroid-resistant 

rejection vi) plasma cell-rich rejection vii) idiopathic fibrosis viii) anastomotic biliary stricture 

viii) nodular regenerative hyperplasia and portal venopathy [43]. 
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DSAs may target class I or class II HLA antigens as well as non-HLA antigens like the 

angiotensin II type 1 receptor. DSAs that probably have the main impact on clinical outcomes 

are class II DSAs as class II antigen expression on the liver endothelium, hepatocytes and bile 

ducts occurs after an initial injury to the liver allograft. While pre-formed class I DSAs have 

been usually shown to disappear after LTx, pre-formed class II DSAs tend to persist and have 

been linked to worse results [51].  

In a large retrospective study, it has been shown that approximatively 8% of LTR 

develop de novo DSAs 1-year post-transplantation. Nearly all de novo DSAs were against class 

II antigens with the bulk of these being anti-DQ. In multivariate analysis, non-adherence to 

treatment and low immunosuppression levels were identified as risk factors for de novo DSA 

formation. The appearance of de novo DSAs after LTx has been shown to be an independent 

risk factor of graft loss and death [42].  In a recent study, it was also shown that de novo DSAs 

developed within the first year after LTx are associated with a significantly higher risk of AR 

and liver graft fibrosis [52]. In another study in liver-transplanted children, a high MFI sum 

(sum of the MFI values of the detected DSAs) of class II DSA was associated with fibrosis [53]. 

In a French cohort also evaluating high MFI sums in adult LTR, such an association between 

pre-formed DSAs and fibrosis could not be confirmed [54]. Of note, the positivity cut-off of 

MFI for DSA positivity with potential clinical significance is not clearly standardized and varies 

according to laboratories and manufacturers but a cuff-off of 1500 is commonly used for DSA 

positivity [19].  

Overall, DSAs are observed in a small percentage of adult LTx patients, with a small 

global impact on graft and patient outcomes. Nevertheless, this topic clearly needs to be more 

extensively studied.  

1.4.3 The liver: an “immune-privileged organ” 

The particular anatomy of the liver gives it a privileged immunological status. Due to 

its particular blood supply, the low flow in fenestrated sinusoids facilitates the interaction of 

antigens and immune cells without sensitization [39]. Moreover, the large endothelial surface 

is capable of absorbing circulating antibodies and KCs lining in the sinusoid are able to clear 

circulating immune complexes of soluble MHC class I molecules and alloantibodies [55].  
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In simultaneous liver-kidney transplantation, the liver provides protection against 

hyperacute rejection and acute ABMR of the kidney, regardless of the cross-match, but also 

reduce the occurrence of acute and chronic cellular rejection [56]. Very interestingly, it has 

been shown in highly sensitized, cross-match positive recipients that with a combined partial 

auxiliary liver and kidney transplantation from the same donor, the liver protected the kidney 

from harmful DSAs [57]. This protective effect of the liver can also be seen in simultaneous 

liver heart/intestine with lower rejection rates in the associated organ [39, 58, 59].  

1.4.4 Prevention and treatment of graft rejection 

1.4.4.1 Generalities 

As described above, allotransplantation induces a robust humoral and cellular immune 

response against the liver allograft. In the absence of prophylaxis and/or therapy, acute TCMR 

would swiftly progress to severe injuries of bile ducts and vessels (both predominantly 

expressing MHC antigens), resulting in the loss of the graft. Insufficient prevention and/or 

treatment can also lead to humoral and chronic rejection, also associated with graft loss.  

1.4.4.2 Immunosuppressive medications 

For SOT to be effective, it is absolutely essential to control immune responses to 

foreign donor HLA antigens and to prevent both cellular and humoral rejection. Nowadays, 

very efficient ISDs are available to control rejection after SOT. Steroids are usually used within 

the first weeks or months after LTx before being discontinued. In addition, to maintain 

immunosuppression, three categories of medications are routinely used:  

1. calcineurin inhibitors (CNIs): cyclosporine and tacrolimus 

2. antiproliferative agents: mycophenolate mofetil (MMF) and azathioprine 

3. mammalian target of rapamycin (mTOR) inhibitors: everolimus (EVR) and sirolimus 

CNIs function by impeding calcineurin, an intracellular phosphatase that dephosphorylates 

cytosolic nuclear factor of activated T cells to enable nuclear translocation and transcriptional 
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activation of cytokine genes like IL-2, which regulate the proliferation, survival, and 

maturation of all subtypes of T cells [60]. 

In vivo, MMF is converted into its active form of mycophenolic acid and inhibits the de novo 

synthesis of purines. B and T cells are dependent on this pathway for their proliferation [61].  

mTOR is a serine/threonine kinase that functions through two different complexes (mTORC1 

and mTORC2) which mediate distinct cellular activities. mTORC1 is required for the 

differentiation of CD4+ T cells into Th1 and Th17 cells while mTORC2 is required for Th2 

differentiation [62]. Both mTOR complexes enhance effector CD8+ T-cell differentiation and 

glycolytic metabolism in CD8+ T cells at the expense of memory CD8+ T-cell development. 

mTOR inhibitors are more effective at blocking mTORC1, but can also block mTORC2 following 

prolonged exposure [60, 63].   

These drugs are usually used in combination to improve immunosuppression and to 

lower adverse effects by limiting exposure to each drug. The choice of this association 

depends on recipient’s characteristics, comorbidities and treatment side effects and is based 

on transplant center/physician usual practice without established worldwide norms [1].  High 

levels of ISDs are generally maintained during the first 1 to 3 months after LTx because AR 

occurs predominantly during this period. The doses are then progressively decreased to reach 

maintenance immunosuppression levels. Currently, CNIs (most often tacrolimus) remain the 

pillar of the immunosuppressive treatment in most transplant centers, usually in combination 

with MMF to keep CNI doses as low as possible to avoid adverse effects, but other 

combinations exist (e.g.: CNI monotherapy, mTOR-inhibitor + MMF, CNI + mTOR-inhibitor, 

etc.) [64-66]. 

Compared to other SOT (kidney, heart, lung), rejection rates are lower and early 

allograft rejection is less deleterious, with a lower impact on long-term outcomes, and is more 

easily treated in LTx. The major concern is thus not to try to find the most potent 

immunosuppression but rather to avoid excessive immunosuppression and its consequent 

toxicity. Indeed, long-term and excessive exposure to these drugs have heavy consequences 

on LTx outcomes, such as diabetes, infections, cancers, nephrotoxicity, etc.... It is therefore 

necessary to strike a balance between insufficient and excessive immunosuppression, yet 

there is no objective method to exactly tailor immunosuppression to each individual. 



 

 

 28 

In case of liver AR, performing a liver biopsy is highly recommended. In case of low 

through levels of CNI, an increase of CNI doses is generally efficient to treat rejection. In case 

of appropriate CNI through levels, intravenous (IV) steroid boluses are required [1, 67]. The 

mechanisms of action and adverse effects of ISDs commonly used in LTx are described in the 

Table below (Table 1). 
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Table 1. Mechanisms of action and adverse effects of ISDs commonly used in LTx. 

 

 

Types of agents Drug Mechanisms of 
action 

 Adverse effects Frequency Severity 

 
Steroids  

  
 IL-1 dependent 

lymphocyte 
activation  

 antibody and 
complement binding  
ß synthesis of IFN-g 
and IL-2 

  
Diabetes 
Osteoporosis  
Dyslipidemia/Obesity 
Hypertension  
Opportunistic infections 

 
+++ 
+++ 
+++ 
++ 
+ 
 

 
+++ 
+++ 
++ 
++ 
++ 

Calcineurin 
inhibitors 

Cyclosporine  IL-2 transcription  
 calcineurin 

through cyclophilin 

 Nephrotoxicity 
Diabetes (T.>C.) 
Neurotoxicity (tremor, 
paresthesia, headache, 
convulsion) 
Hypertrichosisy 
Dyslipidemia 
Gingival hyperplasiay 

Microangiopathy and 
PRESS 
 

+++ 
++ 
++ 
 
 
++ 
+ 
+ 
± 

+++ 
++ 
+ 
 
 
± 
+ 
± 
+++ 

 Tacrolimus  IL-2 transcription 
 calcineurin 

through FKBP  

 

Antiproliferative 
agents 

Mycophenolate 
mofetil 

 T and B cell 
proliferation by 
blocking de novo 
synthesis of 
nucleotides 

 inosine-5’-
monophosphate 
dehydrogenase 

 Diarrhea 
Leukopenia 
Thrombocytopenia 
Anemia  

++ 
+ 
+ 
± 

+ 
+ 
+ 
± 

mTOR-inhibitors Sirolimus/Everolimus  mTOR pathway  
 T- and B-cell 

proliferation 

 Oral ulcers 
Delayed wound healing 
Dyslipidemia 
Hepatic artery 
thrombosis 
Nephrotoxicity 
/ proteinuria 
Thrombocytopenia 
Leukopenia 
Anemia 
Diarrhea 
Interstitial pneumonia 

+++ 
+++ 
++ 
 
+ 
 
+ 
+ 
+ 
+ 
+ 
± 

++ 
+ 
+ 
 
+++ 
 
++ 
+ 
± 
± 
± 
+++ 

Legends: C., Cyclosporin; FKBP, human peptidyl-prolyl isomerase FK-binding protein; PRESS, posterior reversible 
encephalopathy syndrome; T., Tacrolimus;  , inhibition/blockage of; ß,: reduction in; y, only with cyclosporine; 
Adapted from [1] 
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1.5 Tolerance 

 Acquired immune tolerance was first described in rodent models in the 50’s by 

Medawar and his team and is defined as the specific suppression of the immunological 

response of an organism towards a given antigen, while this response remains normal to other 

antigens. In transplantation, tolerance is a very rare event and occurs when there is no 

observable reaction against the allograft antigen in an immunocompetent host that would 

reject another allograft from another donor [68]. The so-called “operational tolerance” refers 

to the long-term preservation of sustained graft function in the absence of a clinically 

significant, harmful immune response or immunological deficiency [31].  

Compared to other solid organs, the liver is considered as a particularly “tolerogenic” 

organ. Histocompatibility between the recipient and the liver is considered as not important 

for graft survival. Low-dose regimens of ISDs are usually well tolerated by LTRs and, after a 

few years, in selected stable patients, about 20 to 40% of LTRs can be withdrawn from ISDs 

without rejection, whereas comparable "spontaneous tolerance" in recipients of other organs 

has only been anecdotally recorded [69]. In case of rejection when the recipient is weaned or 

withdrawn of ISDs, reinstatement of conventional immunosuppression (or for some, a steroid 

bolus) easily resolves rejection without graft loss in most cases [61]. Nevertheless, achieving 

such an objective may prove very challenging with any specific protocol because of the 

significant variability among organ graft donors and recipients, such as tissue compatibility, 

natural immune responses, and the potential for disruptions to a state of tolerance caused by 

infections or allergies. Therefore, Calne et al. also made the case for the concept of “prope” 

or almost tolerance in which graft acceptance is sustained through a minimal, non-harmful 

level of ongoing immunosuppression that may not be necessary indefinitely [70]. 

Further proof of the liver tolerogenicity can be seen in the reduction of alloimmune 

damages to other organs (kidney [56] or cardiac grafts [58]) that were simultaneously 

transplanted during a combined transplantation including the liver. 
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1.5.1 The liver: a particular immune environment  

In an immunocompetent subject, central tolerance to auto-antigens is essentially the 

result of the apoptotic elimination of autoreactive T cells during intrathymic T-cell 

development. In SOT settings, despite the absence of deletion of donor-reactive T cells 

through central tolerance, immunity can nevertheless lean toward tolerance by increasing the 

ratio of CD4+ forkhead box protein 3-positive (FoxP3+) Tregs to effector T cells, which allows 

Tregs to persistently inhibit donor-reactive T cells. This corresponds to peripheral tolerance 

[31]. Of importance, intrahepatic APCs also define the balance between immunity and 

tolerance in the liver [31]. To date, the mechanisms underlying liver graft tolerance are still 

poorly understood. No validated biomarkers are available to predict whether ISD can be 

withdrawn or not.  

1.5.1.1 Innate immune cells 

Depending on their microenvironment and on their subset, innate immune cells of the 

liver (i.e. DCs and KCs) can tip the balance towards tolerance or immunity.  Regulatory DCs 

obtained in vitro from differentiation of haematopoietic progenitors in a culture mimicking 

the hepatic microenvironnement, have low MHC II expression and secrete high levels of anti-

inflammatory cytokines (IL-10 ± IL-12) inhibiting T-cell proliferation and allograft rejection [8]. 

Conventional DCs are mostly found in portal areas. These cells sample antigens and migrate 

to peripheral lymph nodes, where they are important actor orchestrating and regulating T-cell 

immunity, consequently integrating adaptive and innate immunity. KCs represent the resident 

macrophage population in the liver. KCs are located in the liver sinusoids where they can 

interact with T cells. Two populations of liver macrophages (proinflammatory versus 

immunoregulatory) have been identified with single-cell RNA sequencing. KCs, like other 

macrophages, are important to eliminate microorganisms and apoptotic cells. They promote 

liver regeneration and regulate liver injury and tolerance [8, 71]. Comparatively to 

conventional DCs, KCs express low levels of MHC class II and costimulatory molecules. 

Furthermore, IL-10 production is induced as a result of the interaction between KCs and Tregs, 

which is essential in order to successfully establish tolerance to hepatocyte-expressed 



 

 

 32 

antigens [72]. KCs also secrete prostaglandins (e.g. PGE2) which have an important role in 

enabling cells to inhibit T-cell allo-specific responses through the inhibition of IL-2 secretion, 

inhibition of tyrosine kinases or suppression of intracellular calcium elevation [8, 71]. 

Additionally, PGE2 can promote FoxP3+ Tregs[73]. In humans, NKs represent 30-50% of 

hepatic lymphocytes. It has been shown that NKs were functionally maintained in a state of 

hyporesponsiveness by intra-hepatic IL-10 [8]. Overall, within the liver microenvironment, the 

diverse residents of the innate immune cell population intrinsically tend to promote tolerance.  

1.5.1.2 Liver sinusoidal endothelial cells  

Representing the most abundant non-parenchymal cell population in the liver, LSECs 

play a major and complex role in maintaining and regulating immune homeostasis [74]. LSECs 

act as APCs by presenting hepatocyte-derived antigens on MHC-I or -II molecules with T-cell 

co-stimulatory molecules[8]. It was shown in mice that LSECs present exogenous antigens to 

CD4+ and CD8+ lymphocytes without expressing IL-12, eliciting an antigen-specific T-cell 

tolerance instead of a Th1 response [8]. LSEC lectin, a binding protein, has been shown to be 

able to specifically downregulate activated T-cell response. Moreover, it has been shown that 

CD4+ T cells primed by antigens presented by LSECS do not promote Th cell differentiation but 

induce the development of FoxP3+ Tregs and that stimulation of naive CD8+ T cells leads to a 

tolerogenic signaling pathway of programmed cell death protein ligand (PDL)-1 inhibiting 

cytotoxic function [8, 75]. Furthermore, LSECS have shown their ability to downregulate DC 

function to prime T cells [76].  

1.5.1.3 Hepatic stellate cells 

HSCs, which are specialized in hepatic tissue repair, might also have a role in liver 

tolerogenicity [8]. For example, they were shown to be able to inhibit adaptive immunity and 

to preferentially expand Tregs in an IL-2 dependent manner [8, 77]. The induction of 

indoleamine dioxygenase (IDO) production in DC by HSC also inhibits the allo-stimulation of T 

cells (Figure 2) [78]. HSC also exhibit inhibitory properties on B-cell activity via PDL-1 and other 

innate properties thwarting T-cell effector responses [8]. 
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1.5.1.4 Resident T cells 

In the normal adult liver, T cells can be found in the parenchyma and in the portal area 

(predominantly CD8+ over CD4+ T cells and NK cells). The action of these cells needs to be 

controlled, depending on many factors and interactions, to avoid immune damage of the liver 

[8]. Resident T cells can play a role of a kind of immunosurveillance thanks to the slow blood 

flow in liver sinusoids and their fenestrated architecture favoring interactions between 

resident hepatic cells and circulating T cells. For example, the expression of PDL1 on 

hepatocytes, KCs, HSCs and LSECs encourages low T-cell activation and/or CD8+ T-cell 

apoptosis [79]. Moreover, it has also been shown in mice that the liver microenvironment 

plays an important role in the depletion of activated NK cells, which, unlike T cells, react 

rapidly to antigens without prior sensitization [80]. Importantly, after LTx, the presence of 

these donor-derived T-cells in LTR can sometimes result in a graft-versus-host-disease (GVHD) 

in which donor immunocompetent cells react against tissues of an immunosuppressed host 

[81].   

1.5.2 Liver allograft tolerance in rats and mice 

In many species, the rejection of liver allografts is typically less severe than in other 

transplanted organs. This is particularly true in rats and mice, in which LTx between specific 

fully MHC-mismatched strain combinations are tolerated permanently in the absence of 

immunosuppressive therapy, whereas skin, heart, and renal allografts experience AR [82, 83]. 

For example, livers from Piebald Virol Glaxo (PVG) rats transplanted into Dark Agouti (DA) rats 

are not rejected. Liver grafts from ACI rats to Lewis rats are permanently accepted after a 

short course (4 days) of tacrolimus [8, 84]. Very interestingly, it was shown in a rat model of 

LTx of MHC-mismatched allografts that the transplanted liver confers protection against 

rejection of other transplanted organs procured from the same donor and can even reverse 

donor-specific allo-immunity in sensitized recipients after liver grafting [85, 86]. The 

hematopoietic function of the liver plays a role in the development of tolerance. For example, 

it was shown in rats that the lymphoid tissue of the liver is able to produce donor-derived DCs 
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and it was shown that the persistence of such cells posttransplantation was correlated with 

tolerance of the liver (but not the heart) [87]. 

1.5.3 Mechanisms and cells implicated in tolerance 

1.5.3.1 Passenger leukocytes 

The role previously attributed to the so-called “passenger leukocytes”, according to 

which donor-derived T cells migrating to recipient lymphoid tissues are responsible for 

tolerance by a mechanism of clonal deletion, is now questioned. Indeed, rapid migration of 

passenger leukocytes and immunological activation in recipient lymphoid tissue have been 

linked to tolerance in rats[8]. Nevertheless, later investigations have shown that chimeric liver 

containing donor-, recipient- or 3rd party-derived leukocytes were tolerated long-term [88]. 

Interestingly, liver transplants from PVG-to-DA rats are spontaneously tolerated while kidney 

transplants from the same strains are rapidly rejected.  It was shown that the kidney allograft 

was rapidly invaded by mononuclear cell infiltrates expressing high levels of cytokines with 

signs of rejection, while the tolerated liver graft from the same strain showed a rapid 

infiltration by activated T cells, promptly followed by a high level of apoptosis in the leukocyte 

infiltrates. This abortive character of the effector response found in livers that have been 

transplanted and tolerated (in which donor liver cells trigger the death of recipient alloreactive  

T cells by neglect) may play a key role in the induction of spontaneous liver transplant 

tolerance [89, 90]. 

1.5.3.2 Molecular pathways 

Many molecules and cytokines have been identified to be associated with liver 

allograft tolerance. For instance, B7-cytotoxic T lymphocyte-associated antigen 4 (CTLA4) 

activation inhibits T-cell responses and induces the apoptosis of alloreactive T cells. Its 

inhibition in mouse liver grafts leads to AR, indicating that CTLA4 signaling is necessary for 

liver transplant tolerance induction [8, 91]. IFN-g, classically recognized as a pro-inflammatory 

cytokine, is thought to play a significant role in the spontaneous acceptance of liver allografts 
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[92]. Indeed, IFN signaling from alloreactive T effector cells induced a high production of PDL1 

by LSECs, which causes T effector cell apoptosis via the PDL1-PD1 pathway [93]. An 

endogenous lectin expressed in lymphoid organs, Galectin 1, seems to play a major role in 

prolonging liver allograft survival in the mouse by inhibiting Th1 and Th17 responses and 

promoting T-cell apoptosis [94]. Overall, the available data from animal experiments seem to 

point to the existence of multiple and parallel molecular mechanisms. 

1.5.3.3 Regulatory T cells 

General properties  

Tregs constitute a T-cell population that inhibits immunological responses and 

maintains immune homeostasis and self-tolerance. They develop either in the thymus as the 

pool of “natural Tregs” or in the periphery as “induced Tregs”[95]. The classical phenotype 

characterizing Tregs in rodents and humans is CD4+ with high expression of CD25 (CD25+, IL-2 

receptor) and intracellular expression of FoxP3+ and, in human only, low levels of CD127 has 

been demonstrated to distinguish Tregs from other T cells [95, 96]. Nevertheless, the relatively 

recent advances in immunophenotyping technologies showed that Treg populations are in 

fact heterogeneous and divided in many subsets. For example, their subpopulations include 

CD45RA+FoxP3low Tregs, representing resting/naive Tregs, CD45RA-FoxP3high Tregs, 

representing activated/effector Tregs, and CD45RA-FoxP3low Tregs, representing non 

immunosuppressive, cytokine-producing cells [97]. As mentioned above, depending on the 

cytokine environment, the activated CD4+ cells differentiate into tissue-destructive IFNg-

producing Th1 cells in presence of IL-12 or, in presence of IL-4, into Th2 cells producing IL-4 

and IL-5. In the presence of transforming growth factor (TGF)-ß without proinflammatory 

cytokines, FoxP3+ expression is stimulated in CD4+ T cells, which subsequently differentiate 

into Tregs. Conversely, TGF expression in conjunction with IL-6 or IL-21 inhibits the maturation 

of tolerogenic Tregs and promotes the differentiation of CD4+ T cells into the highly cytotoxic 

Th17 cells producing IL-17 [31, 98]. 

In mice, increased levels of Tregs (CD4+CD25+FoxP3+) with enhanced CTLA4 expression 

was linked to spontaneously accepted MHC-mismatched allograft. Clinically, it has been 
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shown that increased Treg levels and increased FoxP3 transcripts are associated with 

operational tolerance or low rejection rates [95, 99].  

Mechanisms of action 

The mechanisms of action of Tregs can be broadly divided into two concepts:  Tregs 

that target T cells and those that target APCs. The main mechanisms by which Tregs directly 

inhibit effector T cells (Figure 2) are: i)  the secretion of suppressive cytokines such as TGF-ß, 

IL-10 and IL-25 directly inhibiting responder T cells ii) the high expression of IL-2 receptor alpha 

(CD25) resulting in depletion of IL-2 and in effector cell apoptosis iii)  their direct action as 

cytotoxic cells and the induction of apoptosis in effector cells via granzyme-mediated and Fas-

Fas ligand pathways iv) the interaction of some Treg surface molecules (e.g. Galectin-1) with 

effector T-cell receptors inducing T-cell cycle arrest. The main mechanisms by which Tregs are 

able to inhibit APCs and thus indirectly suppress the activation of effector T cells are: i) the 

presence of CTLA4 on the Treg surface downregulating the major CD80 and CD86 (B7) 

costimulatory molecules on APCs ii) the LAG (lymphocyte activation gene)-3 on Tregs 

interacting with MHC class II molecules of immature DCs and keeping them immature iii) the 

inactivation of extracellular ATP by CD39 preventing the effect of ATP on APCs and thus 

decreasing their costimulation [100].  

Effect of classical ISDs on Tregs 

Tregs probably play a central role in allograft tolerance after LTx. Immunosuppressive 

drugs can inhibit many of the Treg mechanisms of action described above and thus hinder 

tolerance while preventing allograft rejection by inhibiting effector T cells.  The effects of ISDs 

on Tregs have been evaluated in different studies[60]. It has been shown that some ISDs have 

a deleterious effect while others showed a beneficial effect on the proliferation and function 

of Tregs. Both in vitro and in vivo, Treg function and proliferation seem to be inhibited by CNIs 

[60, 101]. Indeed, tacrolimus and CsA act by inhibiting the transcription of cytokine genes such 

as IL-2, which allow T cells (including Tregs) to proliferate, survive and maturate. CNIs 

negatively affect Tregs by directly inhibiting Treg activation and proliferation and, indirectly, 
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by preventing conventional T cells from producing IL-2 [102]. In vivo, reduced FoxP3 mRNA 

expression in CsA-exposed Tregs is correlated with decreased suppressor activity [101]. It 

appears that CNIs have dose- and duration-dependent effects on Tregs [60]. Low doses of CNI 

seem to have a positive impact on Treg proliferation [103]. In vitro, MMF does not have a 

negative impact on Treg viability and function. It appears that MMF therapy increases Treg 

predominance over Th17 cells. Nevertheless, it was shown that high doses of MMF in Treg-

treated mice impaired Treg efficacy [60, 104]. In the clinic, conversion from CNI to MMF with 

a single dose of daclizumab (anti-CD25 antibody) in LTRs resulted in an increase in the 

proportion of Tregs from baseline [105]. Overall, preclinical and clinical data to date indicate 

that MMF has a favorable impact on Treg function and homeostasis. Steroids appear to have 

a beneficial effect on Treg proliferation and function both in vitro and in vivo [60]. Indeed, it 

appears that corticosteroids can shift the balance of T cell subsets to favor an increase of Th2 

cells and Tregs through several mechanisms including by promoting the expression of 

glucocorticoid-induced leucine zipper (GILZ) which appears to be a strong inducer of FoxP3+ 

expression [106, 107]. In clinical kidney transplantation (KTx), the use of methylprednisolone 

to treat rejection episodes leads to a shift in T cell composition that promotes highly 

suppressive DRhighCD45RA- Tregs [108]. With regards to mTOR inhibitors, Tregs are able to 

alternatively use the PIM2 kinase for cell proliferation and activation with the consequence 

that Tregs are able to expand in the presence of mTOR inhibitors [60, 109]. In vitro, it has been 

shown that rapamycin is able to selectively expand Tregs and that, in vivo, these cells 

presented a greater suppressive activity than freshly isolated Tregs [110].  Gedaly et al. have 

recently shown that mTOR inhibitors could be used to expand ex vivo functionally competent 

Tregs for clinical use [111]. Similarly, in KTx, it has been observed that recipients under 

rapamycin maintenance have increased circulating Treg levels compared to patients receiving 

CsA [112]. Another team recently confirmed these observations in LTRs, showing increased 

Treg levels after being switched from tacrolimus to mTOR inhibitors [113]. 

Clinical trials using exogenous Tregs 

The first clinical (phase I-II) trial studying the effects of Treg therapy after LTx (n=10) 

was published by Todo et al. (Japan) in 2016. The authors could show, in living related LTx, 
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that injection of donor-derived ex-vivo generated Tregs was safe and effective, allowing ISD 

reduction (from month 6 post-LTx) and inducting operational tolerance in a majority of LTRs 

[114]. In another recently published phase I-II study (ARTEMIS study), the authors investigated 

whether donor alloantigen-reactive Tregs could produce graft-specific immunosuppression in 

the absence of broad-spectrum immunosuppressive medications. Tregs were administered to 

only 5 patients (2-6 years post-transplantation) among the 10 patients initially planned 

because of failure to manufacture the required minimal dose. Among treated patients, no 

treatment-related adverse events were reported. Two patients could be weaned of 

immunosuppression [115]. A few other clinical trials studying the use of 3rd party or donor-

derived Tregs are in progress in LTx (clinicaltrials.gov: NCT02188719 (USA), NCT03654040 

(USA), NCT03577431 (USA), NCT02166177 (UK) NCT01624077 (China)). 

1.5.3.4 Mesenchymal stromal cells 

Mesenchymal stromal cells (MSC), which can be found in the perivascular space of 

virtually all organs, are particularly prevalent in two highly vascularized organs, the placenta 

and the liver, in which they seem to play a central role in maintaining tolerance (Figure 2) 

[116]. It seems that APCs can be reprogrammed towards a tolerant phenotype by interaction 

with MSCs, as evidenced by an increase in IL-10 production. In addition, MSCs are able to 

modulate co-stimulatory signals on DCs and can inhibit T-cell activity through different 

mechanisms (e.g. secretion of IDO, see infra) [117]. 

1.5.3.5 NK cells 

In contrast to recipient-derived NK cells, which often contribute to rejection, donor-

derived NK cells transplanted as passenger cells within the liver allograft can directly eliminate 

alloreactive recipient immune cells through different interactions (Figure 2) [118]. Consistent 

with this theory, increased numbers of NK cells have been observed in LTRs who have 

successfully discontinued immunosuppressive therapy [119]. 
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Figure 2. Cellular mechanisms underlying liver allograft tolerance involve various cell types. In a non-inflammatory 
state, dendritic cells express low levels of co-stimulatory molecules. They also have high levels of PDL1, which 
induces either T-cell inactivity or the deletion of alloreactive T-cell clones. Dendritic cells contribute to tolerance 
by releasing IL-10 and TGF-ß, which promote the formation of Tregs. Tregs, in turn, foster a tolerogenic 
environment by producing TGF-ß, IL-10, and IL-35. They also interact with dendritic cells through CTLA4, which has 
a stronger binding affinity to B7 on dendritic cells than CD28, hindering DC-T-cell interactions. Additionally, Tregs 
bind IL-2 on CD25 more effectively than T effector cells and can exert direct cytotoxicity through granzyme, 
perforin, and the Fas-FasL pathway. In contrast to recipient-derived NK cells, which often contribute to rejection, 
donor-derived NK cells transplanted as passenger cells within the liver allograft can directly eliminate alloreactive 
recipient immune cells. MSCs inhibit T-cell proliferation and differentiation via various mechanisms including the 
IDO pathway and cell-to-cell contact facilitated by PDL1. Kupffer cells can be polarized toward the M2 phenotype, 
producing IL-10 and TGF-ß, thereby supporting tolerance. They can also release NO if stimulated by IFN-g to 
suppress T-cell proliferation. LSECs serve as non-professional antigen-presenting cells with generally low MHC class 
II expression, promoting antigen-specific tolerance under many conditions. LSECs, along with hepatic stellate cells, 
induce T-cell apoptosis through interactions involving the PDL1/PD1 pathway. 
CD, cluster of differentiation; CTLA4, cytotoxic T lymphocyte-associated antigen 4; DC, dendritic cell; IDO, 
indoleamine dioxygenase; IFN, interferon; IL, interleukin; LSECs, liver sinusoidal endothelial cells; MHC, major 
histocompatibility complex; NK, natural killer cell; PDL-1, programmed cell death protein ligand-1; TGF, tumor 
growth factor; Treg, regulatory T cell; Adapted from Ronca et al., 2020 [2]. 
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1.6 Model of liver transplantation  

1.6.1 Surgical model of liver transplantation in small animals  

In 1973, 10 years after the first human LTx by Starzl and his team, Lee et al. described 

the first orthotopic liver transplantation (OLT) in rats [120]. In this complex procedure, all 

vascular reconstructions were performed with microsutures under extracorporeal portal to 

jugular shunt. It was a very highly complex procedure, in which long-term survival was very 

low. In 1979, Naoshi Kamada and Roy Calne revolutionized the procedure with the 

introduction of the cuff technique, shortening the anhepatic phase and simplifying the 

vascular anastomoses in the recipient animal [121]. There was no rearterialization of the liver 

graft in this technique that has become the most widely used LTx model for OLT in rats (Figure 

3+4).  

 

Figure 3. Schematic view of the cuff method. A. The cuff is usually “home-made” from a sterilized tube or 
catheter with a size chosen depending on the vessel (IHVC or PV); B. During the “back table”, the vessel 
is introduced through and reversed on the cuff using a micro-forceps; C. The reversed vessel is attached 
to the cuff using a small ligature; D. Anastomosis of the SHVC with a running suture; PV and IHIVC 
anastomosis by insertion of the PV cuff and the IHVC into the PVR and IHVCR, respectively. 
IHVCD/R, infra-hepatic vena cava of the donor/recipient; PVD/R, portal vein of the donor/recipient; 
SHVC, supra-hepatic vena cava.  
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Figure 4. Instruments used during OLT and prodecural steps.  A. upper-left part: 3D-printer; upper-right 
and lower part:  screenshot of 3D-printer workspace with 3D instruments models to print (cuffs, retractors, 
etc.); B. Microsurgical instruments; C. Microscopic view: infrahepatic vena cava (IHVC, on the left) and 
portal vein (PV, on the right) reversed on cuffs and secured with ligatures; D. Microscopic view of the 
attachment of vessel holders (black plastic) on recipient’s IHVC and PV to help maintaining the vessels 
before cutting ; clamp installation on PV, on IHVC and on the suprahepatic vena cava (SHVC); E. External 
view after vascular anastomosis of the liver graft and unclamping; F. Microscopic view of infrahepatic 
anastomosis of IHVC (left) and PV (right); G. Biliary duct reconstruction using a 24-G catheter and secured 
with ligatures (right) and PV anastomosis (left). 
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In Kamada’s experience, the long-term survival of this non-arterialized model was 

more than 95% in  a series of 530 OLT in rats [122]. Up to now, more then 30 techniques or 

modification of the existing techniques have been published to help make it easier and more 

reproducible, some describing “rearterialized” models[123].  

Many variables influence the success of this procedure and the survival of the 

transplanted rat. One of the most important factors is the duration of the anhepatic phase. It 

has been shown that in case of anhepatic phase superior to 20 minutes, short-term survival is 

close to 0% [124]. This probably explains in part why OLT is considered as one of the most 

challenging animal transplantation models. Czigany et al. described it as a “demanding 

procedure needing a long and often discouraging training. Perseverance, patience […] and 

frustration tolerance are considered as the cornerstones for achieving success” [123]. Indeed, 

the learning curve is very demanding and requires beforehand advanced microsurgical skills. 

At least 30 procedures are generally required before obtaining a first successful OLT and more 

than 50 cases are needed before obtaining a successful rate of 80%. Below the critical training 

number of 40 procedures, survival is often less than 30 percent [123, 124]. 

Amongst the published techniques facilitating the procedure, Oldani et al. recently 

published the use of 3D-printed devices (cuffs, vessel holders, retractors, etc) [125]. This paper 

describes a technique of mouse LTx but it can be easily transposed to rats by modifying the 

dimensions of the 3D printed cuffs allowing to facilitate the procedure, to reduce its duration 

and to increase its accessibility. This modified “two-cuffs” technique was used in the animal 

experiments of the present thesis (Figure 4). In our experience, 35 procedures were necessary 

to obtain a first survival and, from the 48th procedure, we reached a successful rate of 80%.  

As mentioned above, OLT in mice has also been described. The use of mice in the laboratory 

assays is particularly attractive due to their large availability with well-defined genome and 

the possibility to work with knock-out or gene-altered animals. Nevertheless, this procedure 

is even more difficult than in rats and thus not widely available [124].   
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1.6.2 Models of allograft rejection in rats 

Large animal models are of relatively limited utility in studying allograft rejection due 

to the difficulty of procuring defined inbred strains. In rats, thanks to the availability of inbred 

and congenic strains with well-defined MHC phenotypes as well as reliable surgical 

techniques, it has been possible to study the rejection process in detail [126]. As mentioned 

above, fully-MHC-mismatched allograft transplantation between well-defined strains results 

in a very low allograft rejection rate and prolonged survival without ISDs. Nevertheless, in 

particular inbred rat strain combinations, rejection can occur acutely or with a delay, making 

this species interesting to study allograft rejection (Table 2). On the contrary, in mice, 

rejection intensity is always less severe, limiting the use of this model for transplant studies 

[127]. Otherwise, an example of xenotransplantation of livers from hamsters to Lewis rats 

resulted in graft survival without treatment of only 3 days (n=6) [127]. Examples of various 

strains combination of donor and recipient rats and of the associated survival are given in the 

table 2 below.  

 

 

Table 2. Liver graft survival, without any immunosuppressive treatment, of various 

combinations of donor and recipient rat strains. 

Donor Recipient Graft survival (days) Ref. 

LEW BN 11 [7 – 14] Qin et al., 2010 

ACI LEW 11.8± 0.4 Redaelli et al., 2001 

DA LEW 11±2 Kunugi et al., 2011 

PVG LEW 12 [10-19] Wang et al., 2010 

PVG DA >100 Wang et al., 2010 

 

Legend:  ACI, ACI rat; LEW, Lewis Rat RT1l; DA, Dark Agouti rat; PVG, Piebald Virol Glaxo Rat or Black 

Hooded rat; BN, Brown-Norway rat). Table adapted from [127] 
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2 Mesenchymal stromal cells  

2.1 Definition and sources 

MSCs represent a heterogeneous population of fibroblast-like cells whose definition 

relies on the combination of the following criteria, according to the International Society for 

Cellular Therapy (ISCT): (i) adherence to plastic, (ii) specific surface antigen expression of 

CD105, CD73 and CD90 and lack of expression of CD45, CD34, CD14 and/or CD11b, CD79α 

and/or CD19 and Human leukocyte antigen (HLA)-DR, and (iii) the potential to differentiate 

into osteocytes, adipocytes and chondrocytes (Figure 5) [128].  

 

 

 

MSCs were initially isolated from the bone marrow (BM) [129]. Since then, cells 

exhibiting similar in vitro characteristics as BM-MSCs have been alternatively obtained from 

adult tissues (especially adipose tissue [130]), umbilical cord (UC) [131, 132] and other 

sources. Although sharing analogous features, these cells are not strictly identical, as inter-

source heterogeneity has been reported [133, 134]. This results in different functional 

properties according to the origin of the MSC. [135, 136]. BM-MSCs currently represent the 

predominant source of MSCs used in SOT [137]. 

Figure 5. Figure summarizing the minimum criteria for defining MSCs, according to the ISCT [128]   
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2.2 Mechanisms of action and properties 

MSCs exert anti-inflammatory, immunomodulatory and tissue repair/regeneration 

properties that are mediated by (i) the secretion of soluble factors, (ii) direct cell-cell contacts 

and (iii) the production of extracellular vesicles (EV) [138, 139].  

2.2.1 Implicated factors 

A considerable number of chemokines/adhesion molecules, cytokines, pro-angiogenic 

and/or growth factors constitute the secretome of MSCs [140]. Among immunomodulatory 

factors, indoleamine 2,3-dioxygenase (IDO) is likely to be one of the key molecules involved 

in the immune-related effects of human MSCs [141]. By catalyzing the rate-limiting step for 

the conversion of tryptophan - an essential amino acid necessary for T-cell proliferation - to 

kynurenine, IDO activity leads to a reduction in local tryptophan concentrations, as well as in 

the production of immunomodulatory tryptophan metabolites that alter the proliferation and 

function of immune cells [140, 142, 143]. HLA-G5, a soluble isoform of the non-classical HLA-

G class I molecule, is also critical in mediating the immune response in human MSCs, especially 

for the expansion of functional Tregs [144, 145]. MSC-secreted prostaglandin E2 (PGE2) was 

also shown to play an important role by inducing an increase of the anti-inflammatory/pro-

inflammatory ratio of cytokine secretion in DCs leading to a shift in CD4+ T cells from a Th1 to 

a Th2 subtype [146-148]. Many other factors have also been shown to play a direct or indirect 

role in MSC-mediated properties, including TGF-ß [147], heme-oxygenase (HO)-1 [149], 

hepatocyte growth factor, IL-1 receptor Antagonist, Peptide LL-37, Matrix Metalloproteinase 

3 and 9, angiopoietin-1, TNF-α and insulin-like growth factor-binding proteins [148, 150]. 

2.2.2 Extracellular vesicles 

Additionally, the MSC secretome includes EVs, which are categorized into apoptotic 

bodies, microvesicles and exosomes according to their size and mechanism of cellular 

release[151]. MSC-derived EVs may represent a cell-free therapeutic approach[152, 153]. A 

wide variety of bioactive molecules are included in EVs, such as proteins, lipids, ribonucleic 
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acid (RNA) subtypes (i.e. at least mRNA and miRNA) and deoxyribonucleic acid (DNA) 

subtypes[154]. Beside the release of their content into target cells, MSC-derived EVs may help 

transfer cytoplasmic materials and organelles[154], particularly in a potential bidirectional 

exchange with T cells[155].  

2.2.3 Interaction with immune cells 

Regarding the innate immune system, MSCs influence macrophage differentiation, 

with a preferential shift towards an anti-inflammatory immunosuppressive M2 

phenotype[138, 156]. M2 macrophages are involved in the repair and maintenance of tissue 

integrity, and are characterized by efficient phagocytic and immunoregulatory activities 

(Figure 6) [157]. MSCs have also been shown to modulate neutrophil activity and to suppress 

neutrophil activation (Figure 6). The relationship between MSCs and NK cells is complex. MSCs 

have been reported to inhibit NK cell proliferation and cytotoxicity [158]. Conversely, MSCs 

might be susceptible to lysis mediated by NK cells[158, 159] since they secrete ligand 

activating NK cell receptors and they express low levels of MHC class I molecules (Figure 6) 

[160]. Interestingly, MSCs can affect major stages of the DC cycle [161], i.e. activation, 

differentiation, maturation and antigen presentation. MSCs may thus favor the 

reprogramming of mature stimulatory DCs into a more pro-tolerogenic DC phenotype, 

characterized by (i) lower immunogenicity, (ii) higher secretion of IL-10 but lower production 

of IL-12, (iii) an ability to inhibit the proliferation and function of alloreactive T cells, and to 

generate alloantigen-specific Tregs (Figure 6) [161-164]. The interaction between MSCs and T 

cells has also been broadly investigated. MSCs suppress T-cell proliferation triggered either by 

allogeneic [165], mitogenic or antigen-specific stimuli [166]; impair the activation and 

differentiation of T cells [167]; decrease T-cell cytotoxicity [168, 169]; regulate the Th1/Th2 

balance [146, 170]; and favor the differentiation of CD4+ T-cell subsets with a Treg phenotype 

(Figure 6) [169]. The enhancement of Treg function is particularly relevant and attractive in 

the field of SOT  [171] since Tregs are crucial mediators of the immune allogeneic response. 

Moreover, their impact on the T-cell population indirectly results from MSC-mediated 

modulation of APCs [172]. However, the relative impact of MSCs on memory and pre-

activated T-cell effectors compared to naive T cells, in addition to the duration of MSC-induced 
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immunomodulation, are uncompletely understood[170]. Finally, MSCs have been reported to 

inhibit B-cell proliferation, especially through an arrest in the G0/G1 phases [173].  

Of important note, the immunomodulatory properties of MSCs are thought to depend 

upon the microenvironment to which they are exposed. For example, it has been suggested 

that MSC activation depends on the levels of inflammatory cytokine such as IFN-γ or TNF-α 

[174]. In addition, critical MSC- and immune cell-related parameters could impact MSC 

capacities, including cell culture and expansion conditions, tissue origin, cryopreservation, 

activation signals and the MSC-to-immune cell ratio [167]. Variability in these parameters may 

result in heterogeneous outcomes in MSC-based therapy. 

2.2.4 Tissue repair properties 

Besides their immunomodulatory actions, MSCs are likely to contribute to tissue repair 

through several mechanisms [154, 175, 176], such as (i) promoting angiogenesis, (ii) reducing 

apoptosis and (iii) enhancing the survival and proliferation of endogenous cells. MSCs were 

Figure 6. Schematic view of the interactions between MSC and immune cells. NK, Natural killer cells; 
DC, Dentritic cells; T, T cells; B, B cells; M, macrophages, à : cell-to-cell contact;  : MSC secretome; 
à: differentiation/polarization into… 
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described to home into primarily damaged tissues via chemotactic factors released by 

immune cells[177, 178] but this statement remains controversial and several studies suggest 

that MSCs do not home to sites of inflammation and could even remain trapped in the lung 

barrier [179-182]. However, accumulating evidence has also highlighted the predominant 

paracrine role of MSCs in establishing a regenerative microenvironment through their 

interactions with many cells, including fibroblasts, endothelial cells, epithelial cells and 

macrophages. The original theory of a trans-differentiation or cell fusion phenomenon has 

been refuted [183, 184]. Angiogenesis is a crucial step in the process of tissue repair, which 

can be modulated by MSC paracrine factors, especially vascular endothelial growth factor 

[185, 186], angopoietin-1, hepatocyte growth factor, TGF-β and stromal cell-derived factor 1-

α. MSCs regulate several functions of endothelial cells including their proliferation and 

migration [185, 187]. An anti-apoptotic effect is also noted in many studies, via the ability of 

MSCs to prevent oxidative stress and via the activation of the protein kinase B pathway [176]. 

MSC anti-inflammatory effects result from a reduction of pro-inflammatory molecules, such 

as IFN-γ and IL-1α, and the production of anti-inflammatory cytokines, such as IL-10 and TNF-

α-induced protein-6 [154, 176]. In addition, MSC-derived EVs may help rapidly restoring the 

ATP supply following IRI by transferring mitochondria into the damaged cells [188]. Finally, 

the attenuation of acute kidney injury could result from the MSC-mediated modulation of 

renal metabolism [189] and prevention of lipotoxicity [190]. 

2.3 Immunogenicity  

The broad impact of MSCs on the immune system is widely admitted. By contrast, the 

potential of MSCs to elicit allogeneic responses remains uncertain. The evidence for an 

intrinsic immune privileged status of MSCs has been evoked on the basis of (1) their inhibitory 

functions on various immune cells, (2) the creation of a suppressive micro-environment, and 

(3) their low immunogenicity [191]. Indeed, culture-expanded MSCs usually express low levels 

of MHC class I antigens and no MHC class II antigens or costimulatory molecules such as CD40, 

B7-1, or B7-2[137, 192, 193]. MSCs do not activate allogeneic lymphocytes [192, 194]. 

However, following exposure to IFN-γ, MSCs act as APC with upregulation of both MHC-I and 
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MHC-II antigens [195, 196]. After the preclinical documentation of an immune response 

against MSCs[196], the paradigm of the absolute immune privileged status of MSCs was 

questioned. MSC immunogenicity needs to be considered as one of their characteristics since 

these cells are “immune evasive” but not “immune privileged”[193]. These considerations are 

particularly relevant in SOT. Indeed, in the settings of SOT, MSCs can be isolated from the 

patient who is the recipient of the graft (autologous MSCs), from the graft donor (allogeneic 

donor-derived MSCs) or from an unrelated healthy donor not matched with the recipient nor 

to the graft donor (allogeneic third-party MSCs) (Figure 5) [137]. The main concerns with the 

use of allogeneic MSCs in SOT include (1) the rejection of MSCs by the recipient’s immune 

system, (2) the similar efficacy between autologous and allogeneic MSCs, and (3) the induction 

of an immune response that could be deleterious to the host, including the production of 

additional graft DSAs in cases of shared mismatches between MSCs and graft donors with a 

potential risk of recipient sensitization[191]. One of the major advantages of 3rd party MSCs is 

their more rapid availability for a deceased donor transplantation program in which it would 

be difficult to plan the thawing and expansion of autologous MSCs in the peritransplant 

period[197]. 

Figure 7. Possible sources of MSC donors.  
MSC, mesenchymal stromal cell; SOT, solid organ transplantation;  
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3 Mesenchymal stromal cells in solid organ transplantation 

3.1 Pre-clinical models 

3.1.1 Prevention and treatment of liver IRI and enhancement of 

liver regeneration  

MSCs have shown therapeutic effects for the treatment of IRI in the kidney, heart and 

lung in a significant number of studies[198]. Only a few studies have been published for IRI in 

the liver, and the exact role of MSCs has not yet been defined (Table 3).  

A few years ago, Jin G. et al. [199] evaluated the effect of allogeneic BM-MSCs to 

attenuate IRI in rats during the first 24h after liver reperfusion. In their model, partial liver 

ischemia was obtained by vascular clamping during 60 min. BM-MSCs were injected through 

the portal vein. Injury severity, oxidative stress response and apoptosis of the liver were 

regularly evaluated during the first 24h and compared to a control group. The conclusion of 

this study is that allogeneic BM-MSCs partially protect the liver from IRI when injected via the 

portal vein due to their ability to suppress oxidative stress and to inhibit apoptosis (Table 3).  

Another related model using repeated adipose-derived MSC injections (within 24 hours after 

reperfusion) via a peripheral vein in rats also showed a significant protective effect against 

liver IRI with a suppression of inflammatory response, oxidative stress and apoptosis [200]. It 

was also found in a model of IRI with major hepatectomy that MSCs protected the liver from 

IRI and that liver regeneration was enhanced [201] (Table 3). 

In addition to liver IRI, research has also focused on the potential beneficial effect of 

MSCs in partial LTx. A few years ago, 50% reduced-size LTx in rats were used to examine 

whether MSC-conditioned medium (MSC-CM) could protect hepatocytes and LSEC and 

enhance their regeneration [202] (Table 3). MSC-CM was injected in rats via a peripheral vein 

directly after orthotopic partial LTx. Compared with the control group, the MSC-CM group 

showed a significantly lower release of liver injury biomarkers and a clear survival benefit. 
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Model Groups Source 
Dose ISD Timing and route 

of MSC injection Time point of analysis Outcomes Ref 
Year 

Rat (Wistar) 
n=24/group 
IRI model 

A) Sham-op 
B) IRI- MSC 
C) IRI-Ctl 

BM 
3p 
1x106 
 

/ 1 PV injection 
Immediately after 
reperfusion 
 

Sacrifice at H2, 6, 12, 24 (n=6/group/timepoint): 
-blood sample: AST, ALT 
-liver sample: histological damages, apoptosis, 
SOD, GSH-PX, MDA, Bcl-2 protein, Bax 

In group B (MSC) compared to C: 
ê ALT, AST after 12 and 24h 
é SOD, GSH-PX activity, Bcl-2 protein, ê MDA, Bax 
ê Liver damages, apoptotic hepatocytes 
è MSC suppress oxidative stress and inhibit apoptosis within 
24h of reperfusion 

Jin et al. [199] 
2013 
 

Rat (Fisher)  
n=30/group 
IRI model 

A) Sham-op 
B) IRI-CM (ctl) 
C) IRI-MSC 

AT 
Autologous 
1.2x106 

/ 3 IV injections 
Immediately after 
reperfusion, H6, H24 

Sacrifice at H72:  
AST, histologic features, hepatic cytokine profile, 
oxidative stress, and apoptose 
 

In group C (MSC) compared to B: 
ê AST, TNF, TGFß, IL1ß, IL-6, endothelin-1, MMP-9, Bax, 
Casp-3,  
ê Apoptotic nuclei 
é eNOS, Bcl-2, IL-10, HO-1, NQO-1 
è MSC suppress inflammatory response, oxidative stress and 
apoptosis  

Sun et al. [200] 
2012 
 

Rat (Lewis) 
N=24/group 
IRI + Hepatect. 
(70%) model 

A) MSC 
B) Ctl (PBS) 

BM 
Autologous 
1x106 

/ 1 PV injection 
Immediately after 
reperfusion 

Sacrifice at H6, 24, 72, 168 
(n=6/timepoint/group):  
AST, ALT, histological damages, apoptosis, liver 
regeneration, detection of MSC (luciferase 
activity) 

Peak of MSC in the liver at H24 rapidly declining 
ê AST/ALT 
ê Histological damages  
ê Apoptosis 
é Remnant liver regeneration  

Kanazawa et al. 
[201] 
2011 
 

Rat (SD) 
n=25/group 
RSLTx (50%) 
 

1) Sham-op 
2) RLSTx + MSC-CM 
3) RSLTx + medium 

BM 
MSC-CM  
Autologous 
 
  

/ 1 IV injection 
At the day of surgery 

Sacrifice at H6, 24, 48, 72, 168 + survival: 
Graft function, pro-inflammatory cytokines, liver 
apoptosis, proliferation of hepatocytes, VEGF 
and MMP9 in the liver 

ê Liver injury biomarkers, proinflammatory cytokines 
é Survival 
é Hepatocytes and SEC proliferation and ê apoptosis 
é VEGF and MMP9 in grafts 
ê Proinflammatory cytokines 

Du et al.  
[202]  
2013 
 

Rat (SD) 
n=25/group 
RSLTx (30%) 

1) RSLTx + PBS 
2) RSLTx + MSC 

BM- 
Autologous 
2.4 x106 

/ 1 IV injection 
After reperfusion 

Liver biopsy H1, 6, 24, D 3, 7 (n=5/timepoint): 
Expression of apoptosis-, inflammatory-, anti-
inflammatory- and growth factor-related genes  
Activities of transcription factors AP-1 and NF-kB 

ê IRI and acute inflammation to promote liver regeneration 
é 1-W survival 
é mRNA of HGF, Bcl-2, Bcl-XL, IL-6, IL-10, IP-10 and CXCR2 
ê TNF-a 
é Activities of AP-1 and NF-kB  
é expression of p-C-Jun, Cyclin D1 and PCNA 
Very rare engraftment in the liver of the injected MSCs at D7 

Wang et al. 
[203]  
2014 

Swine 
n=5/group 
DCD LTx model  

1) HB 
2) DCD  
3) DCD+ MSC 

AT 
3p 
1x107 

/ 1 IV injection 
2h after reperfusion 

Survival +  
Blood samples at H1, 3, 5, 7, D1, 3, 7: 
AST, ALT,  TNF-a, IL-1ß, IL-6 

Better survival in DCD+MSC (>7d: n=3, <4d: n=2) vs DCD 
(<24h : n=5) 
 

Sasajima et al. 
[204] 
2020 

Table 3. Preclinical studies using MSC therapy in model of liver IRI and of liver regeneration  
 

 

Legend: ALT, alanine aminotransferases; AP-1, activator protein 1; AST, aspartate aminotransferase; AT, adipose tissue; Bax :Bcl-2 associated X protein; Bcl-2, B-cell lymphoma 2 protein; BM-, bone-marrow; Casp,: caspase-3 protein; 
CM, culture medium; Ctl, control; CXCR, CXC chemokine receptors; D, day; DCD, donors after cardiac deatheNOS, endothelial nitric oxide synthase; GSH-PX, glutathione peroxidase; H, hour; HB, heart-beating; hepatect., hepatectomy ; 
HGF, hepatocyte growth factor; HO, heme oxygenase; IL, interleukine; IRI, ischemia reperfusion injury; IV, intravenous; ISD, immunosuppressive drug;  MDA, malondialdehyde; MMP, matrix metalloproteinase; MSC, mesenchymal 
stromal cell;  MSC-CM, Mesenchymal stromal cell-conditioned medium; NF, nuclear factor; NQO-1, nicotinamide-adenine dinucleotide phosphate: quinone oxidoreductase 1; op, operated; PBS, phosphate buffered saline; PNCA, 
proliferating cell nuclear antigen; PV, portal vein; p-C-Jun, phosphorylated C-Jun; RSLTx, reduced size liver transplantation; SD, Sprague-Dawley rats; SECs, sinusoidal endothelial cells SOD: superoxide dismutase; TGF, tumor growth 
factor; TNF, tumor necrosis factor;VEGF, vascular endothelial growth factor; W, week; 3p, Third-party; 
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More proliferating hepatocytes and LSECs, and less apoptosis were observed. The levels of 

many inflammatory cytokines and the infiltration by neutrophils and KC activation were 

decreased. VEGF and MMP-9 expression was increased in the graft. All these facts suggest 

that MSC-CM could have potential for the prevention of liver injury and to enhance its 

regeneration after partial liver transplant. More recently, in another reduced-sized LTx model 

comparing injection of MSCs versus placebo at the time of transplantation, MSC injections 

have been shown to be effective in alleviating IRI and acute inflammation of the liver graft and 

in up-regulating anti-inflammatory cytokines. Histologically, MSCs were effective to protect 

both hepatocytes and LSECs. One-week survival was also significantly improved[203] (Table 

3). Interestingly, very rare engraftment of the injected MSCs could be found in the liver 7 days 

after transplantation. Recently, a group studied the impact of MSC injection in a swine model 

of LTx from DCD. The authors concluded that adipose tissue-MSCs could have a protective 

effect on liver graft function from warm IRI and could improve the viability of DCD liver grafts 

[204] (Table 3). However, it has been demonstrated in a liver IRI model that intravenously 

injected MSCs are short-lived, that viable MSCs do not go beyond the lungs, and that they 

remain in the circulation for a very limited period [182]. It has thus been suggested that other 

cells should be implicated to mediate the powerful immunomodulatory and regenerative 

properties of MSCs on target organs.  

 

3.1.2 MSC as alternative to immunosuppressive drugs / tolerance 

induction in liver allograft rejection models 

MSC infusions have shown an ability to prolong graft survival in heart [205-207], skin 

[165, 208] and kidney [208-210] animal transplantation models. However, one group found 

no effect of MSCs alone on heart allograft survival in a mouse model [211], and another group 

found that MSCs infused after KTx could cause premature graft dysfunction [208].  
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Model Groups Source 
Dose 

IS 
Route of 
MSC 
injection 

Timing of  
MSC injection 

Time point of analysis Outcomes 
Ref 
Year 
 

IS alternative strategy/ tolerance induction 
Rat 
n=12/group 
Allo-LTx 
SD to Wistar 

A) MSC 
B) Ctl 

AT 
DD (SD) 
2 x 106 

None IV + PV 3 injections: 
D-7, D3 and during LTx 

Sacrifice at D7:  
ALT, AST, TB, IL-2, IL-10, histo 

ê ALT, AST, TB in group 1 
Histo: no or mild to moderate acute rejection (group A) vs 
severe (group B) 

Wan et al. 
[212] 
2008 
 

Rat 
n=6/group 
Allo- LTx 
Lewis to BN 

A) MSC-DD 
B) MSC-RD 
C) MSC-3p 
D) Ctl 

BM 
DD /RD / 3p 
2 x 106 

None IV 7 injections:  
During LTx and D1, 2, 
3, 8, 12, 16 
 

Sacrifice at D7: Allograft rejection, 
Peripheral blood Tregs 
Survival 

é graft survival in the 3 groups with MSC 45-57D vs 21D 
No difference with MSC source (è immune action independent 
of MHC) 
At D7: acute rejection ê + é Tregs in MSC groups  

Wang et 
al. [213] 
2009 
 

Rat 
n=14 /group  
Allo-LTx 
DA to Lewis 
 

A) Saline  
B) MSC 
C) MSC lentivirus 
D) IL-10 
engineered MSC 

BM 
DD  
2.5x105 

none IV 1 injection:  
30 min post LTx 
 

Sacrifice at D3, 5 and 7 + survival: 
Allograft rejection, Tregs  (spleen), 
serum cytokines (IL-17, IL-23, IL-6, IL-
10, IFN-γ, TNF-a, TGF-b1) 

é Graft survival (MSC IL10>MSC-lenti/MSC>>>Saline) 
é FoxP3 in IL-10-MSC (vs saline) 
é Anti-inflammatory cytokines in IL-10 MSC (vs saline) 
ê Pro-inflammatory cytokines in IL-10-MSC (vs saline) 
 

Niu et al. 
[214] 
2014 

Rat 
n=28/group 
Allo-LTx 
DA to Lewis 

A) Ctl  
B) MSC / donor- 
KC inhibited 
C) MSC 
D) MSC 
overexpressing 
PGE2 

BM 
3p 
5 x105 

none PV 1 injection:  
Directely after LTx 
 

Sacrifice at D3, 5 and 7  
Intragraft cytokines (IL10, IL-2, IFN-γ, 
TNF-a), allograft rejection 
Serum ALT, AST, TB 
Survival 

MSC can reprogram KC (with PGE2) and conversely (with TNF-a) 
from M1 to M2 phenotype.   
é Allograft survival in MSC-treated (43-90D vs 10D): group 
D>C>B>>A 
é Serum IL-10 in MSC-treated group   
ê Serum pro-inflammatory cytokines (IL-2, IFN-g, TNF-a) 

You et al. 
[215] 
2015 

Rat 
n=14/group 
Allo-LTx 
Lewis to BN 

A) Ctl 
B) TAC 
C) MSC + TAC 

BM 
DD 
1x106 

TAC 
2mg/kg/d 
im for 1M 

PV 1 injection:  
Directly after LTx 
 

Sacrifice at D7 (n=6):  
ALT, AST, TB, TGF-ß, IL10, IL12, 
allograft rejection, homing 
Survival 

é Liver function in MSC+TAC 
é Survival in MSC+TAC (63D) > TAC  (44D) > Ctl (11D)  
ê Acute rejection in MSC+TAC < TAC 
éTGFß, IL10 ê IL12 
Homing of MSC in the portal area 

Sun et al. 
[216] 
2015 
 

Rat 
n=35/group 
Allo-LTx 
DA to Lewis 

A) Saline 
B) LV-TGF 
(supernatant) 
C) MSC 
D) TGF/MSC (TGF 
ß1-secreting 
MSCs) 

BM 
RD  
5x106 

none PV 1 injection: 
Directly after LTx 

Sacrifice at D1, 3, 5, 7: 
Allograft rejection, intragraft Tregs 
Serum ALT, TB, IL-10, IL1-ß, IL-6, IFN-g 
Survival 

ê Acute rejection TGF/MSC < MSC @ LV-TGF < Saline 
é Graft survival TGF/MSC (110.4D) > MSC (61.5D) @ LV-TGF 
(56.3D) > Saline (8.5 D) 
é Intragraft induced Tregs (TGF/MSC > MSC @ LV-TGF > Saline) 
é IL10 ê IL1-ß, IL-6, IFN-g 

Tang et 
al. 
[217] 
2016 
 

Table 4 (part 1). Preclinical studies using MSC therapy in model of liver allograft rejection and of GVHD.  
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Model Groups Source 
Dose 

IS 
Route of 
MSC 
injection 

Timing of 
MSC injection 

Time point of analysis Outcomes Ref 
Year 

Rat 
n=15/group 
Allo-LTx 
Lewis to BN 

A) MSC-allograft 
B) Allograft 
C) Isograft 
D) Sham-op 

BM 
3p (SD) 
2x106 

none PV 1 injection: 
Directly after LTx 
 

D3: serum ALT,AST, TB 
Sacrifice at D7: allograft rejection  
Survival 
Coculture of BM-MSC with sera of 
different groups: PD-L1 expression 
(mRNA) in BM-MSCs  

Better liver function and êacute rejection in MSC-treated vs 
group B 
é Survival in group A (median 29D) vs B (13 D) 
BM-MSCs upregulate PD-L1 expression in “allograft 
environment” by downregulating miR-17-5p 

Chen et 
al. [218] 
2018 
 

Rat 
n=14/group 
Allo-LTx 
Lewis to ACI 

A) Saline 
B) MSC 
 

?? 
DD 
2.5 x 105 

none IV  
 

1 injection: 
30min after LTx 
  

Sacrifice at D7: TGF-ß1 and FoxP3+ 
expression in liver/spleen,  
Allograft rejection 
Survival 

é Survival in MSC-treated rats (105D) vs MSC-untreated (16.2D) 
ê Acute rejection 
éTGF-ß1, IL10, Tregs 

Niu et al. 
[219] 
2018 
 

Rat 
n=40/group 
Allo-LTx 
Lewis to BN 
 

A)  MSC 
overexpressing 
HO-1 
B) MSC 
C) HO-1 
D) Saline 

BM 
RD 
5x106 

none IV 1 injection: 
Directly after LTx 

Sacrifice at D1, 3, 5, 7, 10, 14, 28:  
AST, ALT, TB 
Allograft rejection, apoptosis 
Survival 

é median survival in MSC-treated (A: 77days > B: 61days >> C: 
25 days > D: 21 days) 
ê AST, ALT, TB (A<B<<C<D) 
ê Histological signs of acute rejection (A<B<<C<D) 
ê Apoptosis (A<B<<C<D) 
é Peripheral Tregs proportion 

Wu et al. 
[220] 
2016 
 

Rat 
n=45/group 
Allo-RSLT 
Lewis to BN 

A) Saline 
B) MSC 
C) MSC 
overexpressing 
HO-1 

BM 
RD 
1.107 

none IV 1 injection: 
Directly after LTx 

Sacrifice at H0, 3, 6, 24, D3, 5, 7, 14: 
Acute rejection, serum IL-10, TGF-ß, 
IL-2, IL-17, IL-23, TNF-a, Tregs 
proportion (spleen), NK activity 
(blood) 
Survival 

In MSC treated:  
é Survival (C: 38D > B: 25D > A: 13D) 
ê Acute rejection, pro-inflammatory cytokines, NK cell viability 
(C>B) 
é Peripheral Tregs 
ê Anti-inflammatory cytokines (C<B) 

Shen et 
al. 
[221] 
2018 
 

Treatment/prevention of GVHD 

Rat 
n=8/group 
Allo-LTx  
GVHD model 
Lewis to 
F1(Lew+BN) 

1) Ctl 
2) MSC-DD 
3) MSC-RD 
 

BM 
DD / RD 
5 x106 

none IV 7 injections 
1) D0 to D6  
------------- OR 
2) delayed: D8 to 14 

D8 and D16 (or at death) :  
Histology, serum ALT/ AST, blood 
Tregs 
Detection of MSC in recipient’s 
tissues 
Survival 

 

é Survival in MSC groups (75%) vs (0%) 
ê Symptoms of GVHD  
ê Histo-pathological features of GVHD 
No ≠ in serum ALT, AST 
é Tregs in peripheral blood (X3) and in intestine 
No difference of efficacy between sources 
Not effective when delayed MSC administration (D8 to 14) 
No detection of MSC in targeted organs; in the skin at D1 

Xia et al. 
[222]  
2012 

Table 4 (part 2). Preclinical studies using MSC therapy in model of liver allograft rejection and of GVHD.  
 

 

Legend: ALT, alanine aminotransferases; AST, aspartate aminotransferase; AT, adipose tissue; Allo-, allogeneic; BM, bone-marrow; BN, Brown-Norway rats; Ctl, control; D, day; DA, Dark 
Agouti rats; DD, donor-derived; histo, histology; IFN, interferon; GVHD, graft-versus-host disease; HO, heme oxygenase; IL, interleukine; IV, intravenous; KC, Kupffer cell; LTx, liver 
transplantation; LV, lentivirus; M, month; MSC, mesenchymal stromal cell; NK, natural killer; op, operated; PD-L1, Programmed death-ligand 1; PGE, prostaglandin E; PV, portal vein; RD, 
recipient-derived; RSLTx, reduced size liver transplantation; SD, Sprague-Dawley rats; TAC, tacrolimus; TB: total bilirubin; TGF, tumor growth factor; TNF, tumor necrosis factor; Treg, 
regulatory T cell; 3p, third-party; 
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Only a few studies have been published in LTx models (Table 4). Compared to a control 

group, adipose tissue-derived MSCs significantly decreased AR after orthotopic LTx in rats, 

based on serum rejection markers and on histological analysis on D7. Serum levels of IL-2 were 

reduced and those of IL-10 were increased. In this model, donor-derived MSCs were infused 

IV 7 days before and 3 days after LTx as well as during the LTx via the portal vein [212] (Table 

4). Another group studied the ability of a BM-MSC infusion to inhibit acute graft rejection after 

allogeneic LTx in rats [213]. MSCs were derived from the recipient, the liver donor or a third 

party, and infused intravenously at the time of surgery as well as one daily for 3 days 

thereafter. MSC-treated recipients survived significantly longer compared to controls. 

Furthermore, there was no significant difference between the 3 groups receiving MSCs from 

various origins. Histological analysis showed severe acute graft rejection at day 7 in rats 

without MSC infusion, while acute graft rejection was significantly decreased in the other 

groups (Table 4). These observations were associated with a marked increase in the number 

of Tregs in recipients receiving MSCs. This suggests an important role of Tregs in MSC-

mediated immunosuppression. In a preclinical study published in 2014, 42 liver-transplanted 

Lewis rats were injected intravenously 30 minutes post-OLT with BM-MSCs (3 groups) derived 

from liver donors (DA) and compared with 14 transplanted rats injected with saline. One of 

the groups received IL-10 engineered MSCs (with lentiviral vector-mediated expression of IL-

10). Graft survival was significantly higher in the MSC-treated group than in the saline group. 

Moreover, pro-inflammatory and anti-inflammatory cytokines were respectively decreased 

and increased in the IL-10 MSC group compared to the saline group, suggesting the potential 

important role of IL-10 secretion in MSC-mediated immunomodulation (Table 4) [214]. To 

underline the importance of the PGE2 secretion by MSCs and of the effect of MSCs on KCs, 

You et al. showed in a model of acute liver allograft rejection that MSCs could significantly 

prolong allograft survival and that this effect was increased by PGE2 overexpression in MSCs 

(Table 4).  They also showed in vitro that MSCs can reprogram KCs (through PGE2 secretion) 

from a M1 to a M2 phenotype and, conversely, that KCs (through TNF-a secretion) play a 

central role in the induction of MSC-mediated allograft tolerance [215]. In 2016, Tant et al. 

studied the effect of MSCs over-expressing TGF-ß1 (TGF/MSC) in inducing tolerance towards 

the liver in a model of AR. In this model, MSCs were injected through the portal vein directly 

after reperfusion. Four groups were compared: rats receiving saline, “conventional” MSCs, 
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TGF/MSCs, or supernatant of the latter (Table 4).  They found that TGF/MSCs prevented 

rejection and improved survival after LTx, more so than conventional MSCs or supernatants. 

This was also associated with more Tregs and fewer Th17 cells in the graft [217]. These two 

studies suggest that “modified” MSCs could be a key to improve MSC-mediated effects. The 

role of TGF-ß1 in MSC-mediated tolerogenic effects was also demonstrated in another paper 

in which a single MSC injection significantly prolonged graft survival with increased intragraft 

levels of TGF-ß1 and Tregs in a model of liver graft AR [219].  Another group showed that, in 

addition to treatment with tacrolimus, an infusion of MSCs through the portal vein in a liver 

allograft AR model significantly decreased allograft rejection and prolonged allograft survival 

when compared to rats transplanted with tacrolimus alone or without any 

immunosuppression. They also showed that MSCs injected through the portal vein were able 

to home to the portal area of the liver and were still detected 7 days after LTx [216] (Table 4).  

Another paper showed that a single 3rd party BM-MSC injection through the portal vein after 

LTx significantly increased survival with a better liver function compared to rats not receiving 

MSCs. This study also showed that part of the immunoregulatory properties of MSCs in this 

allograft model could be partially mediated by upregulation of PDL-1 on MSCs (Table 4).  It 

was also shown earlier that cell-cell interaction of PDL-1 with its ligand PD-1 could activate 

inhibitory signals resulting in the blockade of T-cell proliferation/function and stimulate Treg 

generation, thereby promoting allograft tolerance [218]. As mentioned supra, HO-1 is one of 

the factors playing a role in MSC-mediated properties.  HO-1 is an inducible enzyme implicated 

in the degradation of heme, which has been shown, both in vitro and in vivo, to have anti-

inflammatory and anti-IRI properties by promoting the secretion of IL-10 and TGF-ß and 

increasing the immunomodulatory effects of Tregs. Two recent studies showed that 

transduction of HO-1 into MSCs could improve their tolerogenic properties in LTx models. It 

was demonstrated in a model of liver graft AR and in a model of AR associated with a reduced-

sized LTx that engineered MSCs overexpressing HO-1 exerted enhanced activity and a longer 

duration of action compared to “conventional” MSCs. MSC-treated rats had a longer survival, 

better liver function, fewer histological signs of AR and higher levels of anti-inflammatory 

cytokines and peripheral Tregs compared to control groups (Table 4) [220, 221].   

It has also been demonstrated in a rat model of GVHD after LTx that MSCs injected 

daily from D0 to D6 could mitigate the signs of GVHD and significantly increase survival 
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compared to controls. This effect was comparable in groups receiving donor- or recipient-

derived MSCs. Interestingly a delayed administration of MSCs (from D8 to D16 after LTx) was 

not effective in preventing GVHD [222]. (Table 4).   

3.1.3 Effects of immunosuppressive drugs on MSCs  

In clinical transplant studies (see infra), MSCs are systematically used concomitantly 

with ISDs. As MSCs and ISDs inhibit the same targets (essentially T cells), it is reasonable to 

consider that interactions between them can occur. Therefore, it is essential to know which 

ISD can (positively or negatively) affect MSC functions. In vitro, it was shown in a mixed 

lymphocyte reaction (MLR) comparing the inhibitory effects of human MSCs associated with 

various ISDs, that tacrolimus and rapamycin decreased MSC immunosuppressive properties, 

corticoids had no effect while MMF promoted them [223]. In culture conditions, it was shown 

that high doses of tacrolimus appeared to be toxic for MSCs, while MMF and rapamycin at 

therapeutic doses just inhibited MSC proliferation [224]. Conversely, others have 

demonstrated that preincubation of MSCs with tacrolimus could increase their inhibitory 

properties [224] and that CsA and MSCs could exert cumulative effects against activated 

lymphocytes [225]. 

In vivo, in a rat KTx model, CsA antagonized MSC efficacy, and their combination 

carried no advantage in terms of allograft survival rates compared to CsA alone. Nevertheless, 

this study has to be contrasted with other studies using various ISDs used together with CsA, 

in which the efficacy of MSC was not altered [226]. MMF and MSCs synergized to promote 

long-term allograft tolerance in a rat heart transplantation [227]. In contrast to what is 

observed in vitro, mTOR inhibitors and MSCs synergized as immunomodulators to promote 

heart graft survival. Moreover, in 2018, in a model of islet allograft in mice, Duan et al. found 

that treatment with MSCs alone or with low-dose mTOR inhibitors was not effective in treating 

acute rejection and prolonging graft survival, but that the combination of MSCs and low-dose 

rapamycin could significantly increase graft function and survival suggesting a synergistic 

effect of this association (Table 5). However, this combination has not been tested in LTx.  

The choice of concomitant immunosuppressive drugs is an important matter for debate, and 

more studies are needed to define which are the most effective drugs to use with MSCs. 
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Table 5. Preclinical studies evaluating the association of MSC + m-TOR inhibitors in allograft 

rejection. 

 

3.2 Clinical trials 

3.2.1 Clinical trials using mesenchymal stromal cells in liver 

transplantation 

Similar to KTx, convincing results in preclinical LTx models supported the launch of 

clinical trials (Table 7).  

The MISOT-I Study aimed to investigate the safety and feasibility of multiple injections 

of MultiStemÒ, a commercial product (Athersys Inc., Cleveland, OH) of BM-derived 

multipotent adult progenitor cells (MAPCs), after LTx (Table 7). This trial also evaluated the 

Model Groups Source 
Dose IS 

Route and 
Timing 
of MSC 
injection 

Time point of 
analysis Outcomes 

Ref 
Year 
 

Mice 
n=5/group 
Allo-ITx 

1) Ctl 
2) MSC 
3) Rapa 
3) MSC + 
Rapa 

RD or 
3p 
BM 
1x106 

Rapa  
0,1mg/kg 
D0 to 7 

3 IP 
injections  
D0 to D2  
 

Sacrifice at D9-10 
post ITx + 
survival 

-MSC or rapa alone: nearly no effect 
-MSC + rapa: 
é graft survival and graft function 
é Treg in islet allograft and draining 
lymph nodes 
 

Duan 
[228] 
2018 
 

Mice 
n=16/group 
Allo- HTx 
C57BL/6 
to BALB/c 

1) Ctl  
2) Rapa 
3) MSC-
DD 
4) MSC-
DD + rapa 
5) MSC-RD 
+ rapa 
6) MSC-3p 
+ rapa 

DD or 
3p 
1x106 

Rapa 
2 mg/kg 
D0 to 13 

1 IV, 24h 
after HTx 

D 7, 30:  
Graft histology, 
immune profile, 
MSC tracking.  
+survival 
(n=8/group) 
  

-MSC: êgraft rejection, double graft 
survival (16.5d) 
-Rapa: êgraft rejection, double graft 
survival 
-MSC+ rapa: normal histology, long 
term-survival (>100d) 
 Independently of MSC origin 
é Tregs in the spleen  
é MSC in lymphoid organs and graft 
 

Ge 
[206] 
2009 
 

Legend:  
Allo, allogeneic; Ctl, control; D,day; DD, donor-derived; HTx, heart transplantation; inj, injection; IP, intra-
peritoneal; ITx, islet transplantation; IV, intravenous; MSC, mesenchymal stromal cell; rapa, rapamycine; 
RD, recipient-derived; Treg, regulatory T cell; Tx, transplantation; 3p, third-party; 
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impact of MAPC administration on the time to first biopsy-proven acute rejection (BPAR) 

within the first 90 days post LTx. MAPCs belong to the family of MSCs and exhibit very similar 

properties [229].  The patients enrolled in this single-arm study were supposed to receive two 

doses of third-party MAPCs, at the time of LTx and 48h later. Cell dose escalation was 

scheduled for every third patient, in association with basiliximab, mycophenolic acid and 

steroids[230]. CNIs were used only after BPAR. In 2015, Soeder et al. published the first-in-

man case of this phase I study [231]. The patient did not present any acute complication in 

connection with MAPC injections but experienced major adverse events within the first week, 

as well as an AR requiring CNI introduction. The leukocyte profile demonstrated an increased 

number of CD4+FoxP3+CD127low Tregs from post-operative day 3, with subsequent 

normalization at day 29. Two more cases were registered on ClinicalTrials.gov. These patients 

also developed major adverse events, but none of them was directly linked to MAPC. MAPCs 

associated with CNI-free IS could not replace the classical immunosuppressive regimen [232]. 

The MISOT-I Study was discontinued by the investigators (Table 7). 

In 2017, Shi et al. published the results of their trial studying the effectiveness of UC-

MSCs to treat liver allograft AR (Table 7) [233]. Twenty-seven LTRs under conventional 

immunosuppressive drugs who presented BPAR were enrolled in this study. These patients 

were randomly assigned either to (i) the MSC-group receiving conventional 

immunosuppressive treatment associated with a single (n=13) or multiple (n=1) injection(s) of 

UC-MSCs, or (ii) the control group treated with conventional IS drugs (n=13). In terms of 

safety, no complications were associated with the use of UC-MSCs in the first group at the 24-

week follow-up. Furthermore, a significantly stronger decrease of aspartate 

aminotransferases, alanine aminotransferases and total bilirubin was observed in MSC-

treated versus control patients. Nearly half the MSC-treated patients and none of the controls 

presented with histological improvements of the liver allograft 4 weeks after infusion. Four 

weeks after MSC infusion, MSC-treated patients displayed a significant increase of circulating 

Tregs and of the Treg/Th 17 ratio, while HLA-DR expression on CD4+ T cells was significantly 

lower, which suggests an inhibition of CD4+ T-cell activation. Soluble factors, i.e. PGE2 and 

TGF-ß1, were significantly increased in 86% of the MSC-treated patients after four weeks. 

Hence, a single MSC injection was safe and could possibly be effective in controlling liver AR. 

A repetition of MSC injections was feasible (n=1) in case of unresponsiveness to the first MSC 
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administration. Still, there was no conclusive information about the efficacy of repeated 

administrations of MSCs. 

The results of a Chinese controlled, randomized study evaluating the use of MSC-based 

immune induction in ABO-incompatible LTx was recently published (Table 7) [234]. The 

investigations evaluated the safety and efficacy of MSC therapy, compared to Rituximab in 

the control group, as induction therapy. In total, 22 patients were enrolled (11 MSC-treated 

LTRs and 11 control LTRs). To prevent ABMR, all enrolled LTRs in both groups received 

steroids, basiliximab, tacrolimus, MMF and IV immunoglobulins. In addition, LTRs received UC-

MSC injections (1x106/kg/injection) during LTx through the portal vein followed by 8 IV 

injections on post-operative week 1, 2, 4, 8, 12, 16, 20 and 24, or Rituximab (375 mg/m2) in 

the control group. The primary endpoint was the safety of MSC injections and the incidence 

of allograft rejection in the two groups at 2-year follow-up. Secondary endpoints evaluated 

LTR and graft survivals and the incidence of postoperative complications. No MSC-related 

severe events were reported in this study. Although non-significant, MSC-therapy yielded 

better results than rituximab in reducing the incidence of acute rejection (9.1% vs 27.3%). The 

rate of biliary complications and infections was significantly lower in the MSC group. The 2-

year graft and LTR survivals were similar in the two groups. The authors concluded that MSC 

therapy and Rituximab, in combination with steroids, basiliximab, tacrolimus, MMF and IV 

immunoglobulins, are equally effective for preventing ABMR after ABO-incompatible LTx. 

Furthermore, the findings suggest that MSCs might be used as a new immunosuppressive 

strategy for ABO-incompatible LT and that MSCs are more effective at preventing infections 

and biliary complications in LTRs. 
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Table 7. Clinical trials using MSCs in LTx 

Besides immunomodulation and induction of tolerance, MSCs have also been tested 

for the treatment of ischemic-type biliary lesions (ITBL) (Table 7) [235]. Hence, 12 patients 

with ITBLs post LTx were treated with repeated injections (n=6) of UC-MSCs and were 

retrospectively matched to 70 “comparable” patients with ITBLs who had been 

“conventionally” treated. The need for interventional therapies was lower in the MSC-treated 

Trial 
Patients 

Dose 
Source 
Timing  
Route 

IS 
regimen Outcomes Immune 

modulation 
Ref 
Year 

NCT01841632 
n=3 LD 
 
 

2 injections 
1.5x108 

3p BM-MAPCs  
 
- during LTx (PV)  
- at D2 (IV) 
 

Initial: 
Basiliximab 
(D0+D4) 
Steroids 
MMF 
If needed: 
+CNI 

-No injection-related AE 
-Major AE in n=3 
-Need for CNI  
-No malignancy  

Transient increase of 
CD4+FoxP3+CD127low 

Soeder  
et al. (n=1) 
[231]  
2015 
+ data 
from 
clinicaltrial
s.gov (n=2) 
2018 

NCT01690247 
 
n=14 DCD LTR 
with AR 
 

1 injection 
1x106/kg 
3p UC-MSCs 
 
- 1 injection after 
BPAR (IV) (n=13) 
- + 2 injections (n=1)  

tacrolimus 
MMF 
CS 

-No AE 
-ALT, AST, and TB 
-Histological 
improvement 
 

é Tregs and 
Treg/Th17 ratio 
ê CD4+ T-cell 
activation 
é TGF-ß1 and PGE2 

Shi et 
al.[233]  
2017 

NCT02706132 
 
n=22 ABO-I  
 
MSC (n=11) 
vs 
Rituximab 
(n=11) 

9 injections 
1 x106/kg 
3p UC-MSC 
 
- during LTx (PV) 
- at W1, 2, 4, 8, 12, 
16, 20, 24 (IV) 

Induction:  
- Rituximab 
(control group) 
- IVIg 
- Basiliximab 
Maintenance: 
- tacrolimus 
- MMF 
- Steroids 

In MSC-treated group  
- Less AR (9.1 vs 27.3%) 
- êbiliary 
complications 
- êinfections 

N/A Zhang et 
al.[234]  
2021 

NCT02223897 
n=12 LTR with 
ITBL 

6 injections 
1 x106/kg 
3p UC-MSC 
- at W1, 2, 4, 8, 12, 
16 (IV) 

Conventional IS -No AE 
-ê need for therapy 
for ITBL  
-é 1-yr survival 

N/A 
 

Zhang et 
al.[235]  
2017 

Legend: ABO-I, ABO incompatible; AE, adverse event; ALT, alanine aminotransferase; ALP, alkaline phosphatase; 
ABMR, antibody-mediated rejection; AST, aspartate aminotransferase; BM, bone marrow; BPAR, biopsy-proven 
acute rejection; CNI, calcineurin inhibitor; CS, corticosteroids; DCD, donation after circulatory death; DD, deceased 
donor;  GGT, gamma-glutamyl transpeptidase; IS, immunosuppression; IV, intravenous; IVIg, intravenous 
immunoglobulin; ITBL, ischemic-type biliary lesions; LD, living donor; LTR, liver transplant recipient; LTx, liver 
transplantation; MAPC, multipotent adult progenitor cells; MMF, mycophenolate mofetil; MOF, multiple organ 
failure; PGE2, prostaglandin E2; PV, portal vein; TB, total bilirubin;  TGF-ß1: Transforming Growth Factor Beta 
1;Treg, regulatory T cells; UC, umbilical cord; W, week.  
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group (33.3 vs. 64.3%, p<0.05) compared to the historical controls. The investigators also 

showed that 1-year graft survival was significantly higher in the MSC-treated group (72 vs. 

100%, p<0.05)[235]. This study showed that multiple injections of UC-MSCs were safe and well 

tolerated and could potentially be effective in order to treat (or to prevent the worsening of) 

ITBLs in the context of LTx. 

Moreover, a prospective pilot trial aiming to investigate the safety and feasibility, and 

their effects on immunomodulation, of donor-derived MSCs in pediatric living-donor LTx is in 

the pipeline (MYSTEP1, NCT02957552)[236]. Remuzzi et al. have also started a study 

evaluating the safety and tolerance of a single postinduction injection of third-party MSCs in 

the context of LTx (NCT02260375).  

Finally, we published the first monocentric, prospective, phase I-II controlled clinical 

study evaluating the feasibility, safety and tolerability of a single infusion of third-party MSCs 

in 10 LTR. The 1-year and long-term results of this study are presented in the chapter II of this 

work.  

3.2.2 Mesenchymal stromal cells in other solid organ 

transplantation 

Numerous studies report the use of MSC therapy in other SOT, mainly in KTx but also in 

lung and small bowel transplantation[137]. The results of these studies are summarized in the 

review of the literature in the appendices of the present thesis (Vandermeulen et al., 

Transplantation, 2020). In addition, we should also mention the recently published non-

randomized phase Ib clinical trial studying 3rd party-MSC after KTx using a matching strategy 

to avoid repeated mismatches (the Neptune study).  Ten kidney transplant recipients (KTRs) 

received two injections of 1.5 x106/kg 3rd party MSCs 6 months after KTx. After injections, 

tacrolimus was lowered (trough levels 3 ng/mL) in combination with EVR and prednisone 

[237]. Renal function remained stable and neither a BPAR loss nor graft loss occurred. No 

major alterations in leucocytes or cytokines were observed upon MSC infusion. The authors 

concluded that HLA-selected allogeneic MSCs combined with low dose tacrolimus, EVR and 

prednisone was safe 6 months after KTx. 
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4 Aims of this work  

LTx currently represents the gold-standard treatment for most end-stage liver diseases, 

offering excellent short- and long-term outcomes. Nevertheless, the life-long need for 

immunosuppression hampers long-term outcomes because of the toxicities of commonly 

used immunosuppressive molecules, including malignancies, infections, metabolic syndrome, 

renal, cardiovascular and neurological complications. Moreover, the limited availability of 

donors imposes the use of expanded criteria grafts, which are more susceptible to IRI, with 

increased rates of graft loss due to dysfunction or ischemic cholangiopathy. To address these 

challenges and improve LTx outcomes, the development of novel strategies that modulate 

immunity while reducing the dependance on ISD and attenuating IRI are needed. MSCs, thanks 

to their immunomodulatory properties, show promise in achieving immunotolerance without 

excessive immunosuppression and in mitigating IRI to reach even higher success rates and 

thus avoid severe and life-threatening side effects or complications. While animal models 

have shown encouraging results in preventing IRI and treating or preventing allograft AR, the 

efficacy and, importantly, the safety of MSC therapy in humans need to be established before 

widespread implementation in LTx programs. Optimizing the potential efficacy of MSCs also 

involve determining the most effective combination with synergistic ISD.  

 

The primary aim of this thesis was to evaluate the interest and safety of use of MSC-

therapy after LTx. We therefore:  

1) reviewed the literature on this topic (chapter I and appendices) 

2) conducted the first prospective phase I-II clinical trial and published the 1-year 

(chapter II.1) and 5-year results (chapter II.2) 

3) evaluated the association of MSCs and EVR in a rat model (chapter III) 
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Summary 
 

MSC infusion could be a mean to establish tolerance in solid organ recipients. The aim 

of this monocentric, prospective, controlled, phase-1 study was to evaluate the feasibility, 

safety and tolerability of a single infusion of MSCs in liver transplant recipients with 1 year of 

follow-up.  

In this study, ten LTR under standard ISD received 1.5- 3x106/kg 3rd party unrelated 

MSCs on post-operative day 3±2, and were prospectively compared to a control group of 10 

LTR. In addition, in patients from the MSC group who did not develop rejection and had normal 

graft function and month-6 graft biopsy, progressive weaning of immunosuppression was 

attempted. The primary end-points aimed at evaluating MSC infusional toxicity by recording 

body temperature, heart rate, mean arterial blood pressure and peripheral capillary oxygen 

saturation and signs of allergy before, during and after MSC infusion and at recording 

prospectively the incidence of any infectious (bacterial, viral, fungal) and cancerous 

complications until month 12 in both groups. As secondary end-points, patient and graft 

survivals and biopsy-proven graft rejection rates were prospectively recorded in both groups 

until month 12. Liver graft function, kidney function, tacrolimus levels and peripheral blood 

lymphocyte phenotyping were compared.  

No statistical difference could be detected between the MSC and control groups 

concerning the characteristics of both liver graft donors and recipients. As primary end-points, 

no variation in vital parameters or cytokine release syndrome could be detected during and 

after MSC infusion. No MSC patient developed clinical signs of allergy or impairment of vital 

functions (including liver graft function) within the week following MSC infusion. At 1-year 

follow-up, no increased rate of opportunistic infection or de novo cancer was detected. As 

secondary end-points, there was no difference in overall rates of rejection or graft survival 

(90% at 1-year in both groups). Month-6 biopsies did not demonstrate a difference between 

groups in the evaluation of rejection according to the Banff criteria, in the fibrosis score or in 

immunohistochemistry (including Tregs). No difference in peripheral blood lymphocyte typing 

could be detected. Treg counts and phenotype (naive versus resting versus activated) were 

comparable in the 2 groups of patients at each time point. Furthermore, Treg as well as 
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conventional T cell proliferation (assessed by Ki67 expression) was also similar in the 2 groups 

of patients, as were the levels of phosphoSTAT5 in Tregs (the latter translating similar IL-2 

signalling in Tregs). These combined observations suggest that a single MSC infusion had no 

impact on Treg count or phenotype in this study. The immunosuppression weaning in MSC 

recipients was not successful. One patient from the MSC group was excluded from 

immunosuppression withdrawal attempt due to hepatocarcinoma recurrence, but the nine 

others met the necessary criteria. In one patient, tacrolimus and MMF withdrawal was 

performed without rejection and she remained off immunosuppression for 12 months. In two 

patients, MMF monotherapy was achieved at month 9, but graft rejection occurred during 

MMF withdrawal and was successfully treated by tacrolimus reintroduction. In 6 patients, the 

transaminases significantly increased during tacrolimus withdrawal. In these cases, 

withdrawal was cancelled and liver tests normalized after increase of the tacrolimus dose. 

In conclusion, this phase 1, prospective, controlled study is the first to evaluate the 

feasibility, safety and tolerability of MSC infusion in a series of 10 LTR under classical 

tacrolimus-based immunosuppression. In these patients, a post-transplantation intravenous 

1.5-3x106/kg MSC infusion was well tolerated, without evidence of pulmonary dysfunction or 

of cytokine-release syndrome. These LTRs receiving MSC did not develop any evidence of 

impairment in vital organ functions, including the liver graft and the kidneys. In addition, they 

did not suffer from an increased susceptibility to infections. No de novo cancer was detected 

after one year of follow-up. For all these primary endpoints, the LTRs who received MSCs did 

not react differently compared to patients in the control group. The patients from the MSC 

group underwent unsuccessful progressive immunosuppression weaning and we were not 

able to show that a single infusion of MSCs at day 3 after deceased LTx could promote Treg 

expansion, Treg infiltration of the liver graft at biopsy at day 180, or operational tolerance. 

There are many shortcomings to this study. First, although 10 MSC-treated LTRs are not 

enough to prove the safety of MSC-therapy in LTx, this first study did not demonstrate any 

potential adverse effects of MSC infusion in this setting. These results will have to be 

confirmed by further studies in larger groups of SOT recipients. The absence of detectable 

effects of MSCs might be due to an insufficient sample size, to the tacrolimus-based 

immunosuppressive regimen or to an insufficient MSC dosing, which should possibly be 

increased or repeated. The timing (pre-, intra- or post-operative) and the infusion routes 
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(peripheral vein, portal vein or hepatic artery) of MSC infusion should also be evaluated. 

Different sources (BM, fat tissue, liver) or donors (organ donor, organ recipient) of MSCs might 

also be tested in further studies. This study opens the way for further MSC or Treg-based trials 

in LTx. 
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Background & Aims:Mesenchymal stromal cell (MSC) infusion
could be a means to establish tolerance in solid organ recipients.
The aim of this prospective, controlled, phase I study was to eval-
uate the feasibility, safety and tolerability of a single infusion of
MSCs in liver transplant recipients.
Methods: Ten liver transplant recipients under standard
immunosuppression received 1.5–3 ! 106/kg third-party unre-
lated MSCs on postoperative day 3 ± 2, and were prospectively
compared to a control group of ten liver transplant recipients.
As primary endpoints, MSC infusion toxicity was evaluated, and
infectious and cancerous complications were prospectively
recorded until month 12 in both groups. As secondary endpoints,
rejection rate, month-6 graft biopsies, and peripheral blood lym-
phocyte phenotyping were compared. Progressive immunosup-
pression weaning was attempted from month 6 to 12 in MSC
recipients.
Results: No variation in vital parameters or cytokine release syn-
drome could be detected during and after MSC infusion. No
patient developed impairment of organ functions (including liver
graft function) following MSC infusion. No increased rate of
opportunistic infection or de novo cancer was detected. As sec-
ondary endpoints, there was no difference in overall rates of
rejection or graft survival. Month-6 biopsies did not demonstrate
a difference between groups in the evaluation of rejection accord-
ing to the Banff criteria, in the fibrosis score or in immunohisto-
chemistry (including Tregs). No difference in peripheral blood
lymphocyte typing could be detected. The immunosuppression
weaning in MSC recipients was not successful.

Conclusions: No side effect of MSC infusion at day 3 after liver
transplant could be detected, but this infusion did not promote
tolerance. This study opens the way for further MSC or Treg-
based trials in liver transplant recipients.
Lay summary: Therapy with mesenchymal stromal cells (MSCs)
has been proposed as a means to improve results of solid organ
transplantation. One of the potential MSC role could be to induce
tolerance after liver transplantation, i.e. allowing the cessation of
several medications with severe side effects. This study is the
first-in-man use of MSC therapy in ten liver transplant recipients.
This study did not show toxicity after a single MSC infusion but it
was not sufficient to allow withdrawal of immunosuppression.
Clinical trial registration number: Eudract: # 2011-001822-81,
ClinicalTrials.gov: # NCT 01429038.
! 2017 European Association for the Study of the Liver. Published
by Elsevier B.V. This is an open access article under the CC BY-NC-
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Liver transplantation (LT) has become the gold standard treat-
ment of many hepatic end-stage diseases. Long-term graft and
patient survivals are now common after LT, but recipients are still
subjected to life-long immunosuppression, which impairs
quality of life and might reduce survival by promoting cancer
development or by increasing the risks for infection, kidney
function impairment and cardiovascular diseases. Therefore,
there is a need for improvement in the immunosuppressive pro-
tocols after LT. Finding a way to establish donor-specific
immunological tolerance without the need for non-specific
immunosuppression remains one of the major goals in transplan-
tation medicine [1].

Mesenchymal stromal cells (MSCs) are multipotent progeni-
tors within the bone marrow, capable of differentiating into var-
ious cells and tissues, such as chondrocytes, osteoblasts and
adipocytes [2]. MSCs can be isolated after ex vivo culture of the
adherent mononuclear bone marrow cell fraction. In addition to
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the bone marrow, MSCs reside in the connective tissues of many
organs including the liver. After ex vivo expansion, human MSCs
have a fibroblastic-like morphology, and are uniformly positive
for SRC homology domains (SH)2, SH3, cluster of differentiation
(CD)29, CD44, CD71, CD90, CD105, CD106, CD120a, CD124, and
CD166, but are negative for common hematopoietic markers such
as CD14, CD45 or CD34 [2]. Human MSCs express human
leukocyte antigen (HLA)-class I and can be induced to express
HLA-class II by interferon (IFN)c. A large number of in vitro and
in vivo studies have documented the anti-inflammatory and
immunoregulatory properties of MSCs on both the adaptive and
innate immune system [3], as well as a potential beneficial effect
in ischaemia–reperfusion injury [4,5]. Specifically, MSCs have
been shown to decrease effector T cell response while promoting
the emergence of regulatory T cells (Treg) [6]. These MSC proper-
ties suggest that they could be particularly attractive in solid
organ transplantation (SOT) [7,8], and a consortium of European
academic centres studying this subject has been created (http://
www.misot.eu). The first randomized controlled trial, evaluating
the effects of autologous MSCs in living-related kidney transplan-
tation has been performed in China [9]. In this study, MSCs signif-
icantly correlated with fewer acute rejections, a lower risk of
opportunistic infections and a better renal function at 1 month.
Furthermore, fewer adverse effects were seen in the MSC groups
compared to the control group [9]. Compared to other trans-
planted organs, the liver graft is immunologically protected,
and LT recipients are considered the ideal candidates for MSC
therapy and for operative tolerance trials after SOT [10]. To date
there has been no published trial evaluating MSC infusion in a
series of LT patients [1].

Despite the absence of major adverse effects in the prelimi-
nary clinical trials evaluating MSC-based therapy to date [11],
clinical infusion of MSCs might theoretically be complicated by
impairment of pulmonary function due to MSC embolism in the
lung vasculature [12] and by a cytokine release syndrome [13].
As MSCs are potentially immunosuppressive, another concern is
the potential emergence of higher rates of opportunistic infec-
tions and induced cancers after MSC infusion in SOT recipients
under immunosuppression. In a small European clinical series,
MSC infusion in kidney recipients was associated with transient
renal dysfunction [14] and opportunistic infections [15]. It is also
possible that MSC injection promotes liver fibrosis [16]. Finally,
in vitro MSC expansion and culture might generate genomic

instability and chromosomal aberrations with a potential risk of
MSC neoplastic transformation [17,18].

The aim of this study was to evaluate the feasibility, the safety
and the tolerability of a single MSC infusion after LT in a first-in-
man, prospective, controlled, phase I study. The primary end-
points were set to clinically detect potential side effects of MSC
infusion, as well as the occurrence of infectious and malignant
complications. As secondary endpoints, the potential immune-
regulative effects of MSCs and the impact of MSCs on Treg counts
and phenotype were analysed by comparison with a control
group. In addition, progressive immunosuppressive withdrawal
was attempted as a phase II study in stable patients who received
MSCs, to evaluate if a single infusion of MSCs might induce
operative tolerance after LT.

Materials and methods

Study design

This study was a monocentric, prospective, non-randomized, controlled, open-
label trial. Protocol inclusion and exclusion criteria are presented in Table 1.
Between March 2012 and February 2014, ten stable and low-risk LT recipients
under standard immunosuppression received 1.5–3 ! 106/kg third-party MSCs
on postoperative day 3 ± 2 (MSC group). These patients were prospectively com-
pared to a control group of ten LT recipients who fulfilled the study inclusion cri-
teria, declined to receive MSCs, but accepted to be included in the trial as control
patients during the same period (control group). In addition, in patients from the
MSC group who did not develop rejection and had normal graft function and
month 6 graft biopsy, progressive weaning of immunosuppression was attempted
(Fig. 1). Weaning of immunosuppression was not considered in the control group
as it is well established that early (<1 year) immunosuppression withdrawal is
not possible and unethical in LT recipients under regular immunosuppression
protocols. The study protocol conformed to the ethical guidelines of the 1975
Declaration of Helsinki and was approved by the local Ethics Committee and by
the Belgian Federal Agency for Medicines and Health Products (Eudract #2011-
001822-81). The study was registered at ClinicalTrials.gov (protocol # NCT
01429038). Written informed consent was obtained from each MSC donor and
LT patient.

Liver transplant procedures and postoperative management

The following deceased liver graft donor characteristics were prospectively col-
lected: age, gender, donation after brain or circulatory death, Eurotransplant
donor risk index (ET-DRI) [19], cause of brain damage, terminal blood sodium
level, terminal liver function tests, need for vasopressors, length of intensive care
unit stay, body mass index (BMI), last 24 h diuresis, and past cardiopulmonary
resuscitation.

Table 1. LT recipient inclusion and exclusion criteria.

Inclusion criteria
Surgery First whole liver deceased LT (DBD or DCD)
Age Between 18 and 75 years
Graft Functioning graft at time of MSC infusion

Graft doppler ultrasonography confirming arterial and portal flows
Exclusion criteria
Surgery Re LT, partial LT, combined LT
Cancer Past history of cancer in the donor or recipient, with the exception of hepatocarcinoma within Milan criteria
Infection Active infection in the donor or recipient, including HIV and HCV

EBV negative (recipient)
Miscellaneous Auto-immune liver disease (recipient)

Endotracheal intubation (recipient)
Severe postoperative complications (recipient)

LT, Liver transplantation; DBD, donation after brain death; DCD, donation after circulatory death; MSC, Mesenchymal Stromal Cells; HIV, Human Immunodeficiency virus;
HCV, Hepatitis C virus; EBV, Epstein-Barr virus.
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The LT procedures were regular deceased LT as performed in the authors’ cen-
tre [20,21]. The following LT recipient characteristics were collected: age, gender,
BMI, LT indication, and the laboratory model for end-stage liver disease (MELD)
score at admission for transplantation. Cold and total graft ischaemic times were
recorded. The immunosuppressive regimen consisted of a triple therapy of tacro-
limus, mycophenolate mofetyl (MMF) and steroids. The tacrolimus dose was
adapted according to through whole blood values (between 8 and 12 ng/ml the
first 28 days and between 5 and 8 thereafter) until day 180 in both groups. In
the MSC group, if a rejection episode had not been suspected based on the liver
tests and month 6 biopsy, tacrolimus was progressively tapered from day 180
to be discontinued by day 270 in the absence of rejection (Fig. 1). A graft biopsy
was performed at day 270 ± 15 in the MSC group. MMF was administered orally
from day 1 through day 270 at the dose of 500 mg twice a day (b.i.d.) In the MSC
group, if the patient did not develop rejection during tacrolimus withdrawal and
at day 270 graft biopsy, MMF was progressively tapered and definitely
discontinued by day 365 in the absence of rejection (Fig. 1). Steroid treatment
consisted of administration of methylprednisolone 500 mg intravenously (i.v.)
before liver graft reperfusion, followed by progressively decreasing daily doses
until progressive withdrawal during month 1 (Fig. 1). Liver graft rejection was
assessed according to standard criteria, including clinical symptoms, blood liver
enzymes, and liver graft biopsy if needed. Therapy for rejection included an
increase in tacrolimus administration, boluses of methylprednisolone 500 mg
i.v. per day for 3 days, and anti-thymocyte globulins in steroid-resistant rejection,
if needed.

Antibacterial and antiviral prophylaxis was standardized between groups
including cefuroxime 3 ! 1.5 g or piperacillin-tazobactam 4 ! 4 g/d for 5 days,
prevention of pneumocystis (co-trimoxazole 500 mg orally (p.o.) 1/d for three
months) and of cytomegalovirus (CMV) infection if indicated (donor positive,
recipient negative [D+, R"], 100 days of valgancyclovir 2 ! 450 mg/d p.o.).

MSC donors

Inclusion criteria for MSC donors included: unrelated to the recipient; aged >18-
years; no human leucocyte antigen (HLA) matching required; fulfilling generally
accepted criteria for allogeneic hematopoietic stem cell donation; and informed
consent given. Exclusion criteria were: known allergy to lidocaine; any risk factor
for transmissible infectious diseases; meeting generally accepted exclusion
criteria for allogeneic hematopoietic stem cell donation [22].

MSC production

MSC expansion cultures were performed and evaluated at the Laboratory of Cell
and Gene Therapy (LTCG) of the University Hospital of Liege, CHU of Liege, as
previously described [22,23]. Briefly, bone marrow (BM) (30–50 ml) was collected
under local anaesthesia in sterile conditions, and put in sterile heparin-containing
syringes. Mononuclear BM cells were isolated by Ficoll (GE Healthcare-Amersham
Biosciences AB, Upsala, Sweden), seeded in sterile tissue culture flasks (BD Falcon,
Bedford, MA), and cultured in Dulbecco’s modified Eagles medium–low glucose
(Invitrogen, Merelbeke, Belgium) with glutamate supplemented with 10%
irradiated fetal bovine serum (Hyclone- Perbio Science, Merelbeke, Belgium)
and antibiotics (penicillin/streptomycin, Lonza Bio Science, Verviers, Belgium).
Cultures were maintained at 37!C in humidified atmosphere containing 5% CO2

for a total of about 4 weeks. The medium was replaced twice a week and, after

approximately 2 weeks, the cultures were near confluence (>70%). Cells were
then detached by treatment with irradiated trypsin–EDTA (Invitrogen, Merelbeke,
Belgium) and replated (passaged) at a lower density to allow further expansion. A
second passage was performed when the cells reached confluence again (>70%).
At confluence, the cells were harvested, washed, and re-suspended using
phosphate-buffered saline-ethylenediaminetetraacetic acid (PBS-EDTA; Miltenyi
Biotec, Utrecht, The Netherlands) and Human Serum Albumin (HSA) (CDF-CAF,
Brussels, Belgium). The MSCs were then frozen in a medium containing 70%
PBS, 20% human serum albumin (HSA), and 10% dimethyl sulfoxide (DMSO)
(WAK-Chemie, Steinbach, Germany) using standard techniques. Before infusion,
the MSCs were thawed and diluted in PBS, and then injected into the patients
within 60 min. All reagents were certified sterile, and endotoxin-free, and had
been used in other clinical trials in Europe. In addition, the batch of fetal bovine
serum used was selected after extensive testing, and was irradiated to ensure
removal of all potential viruses. The following analyses were performed as quality
controls for each MSC expansion culture: nucleated cell count on a manual cell
counter, flow cytometry analysis with determination of the % cells (out of total
cells) positive for CD73, CD90, and CD105, and negative for HLA-DR, CD31,
CD80, CD14, CD45, CD3, and CD34; cell viability using trypan blue exclusion;
microbiology testing, including standard virology, bacterial culture, and search
for mycoplasma; endotoxin detection using the limulus test; and cytogenetics.
MSC potency was evaluated by determining the percentage inhibition of T cell
proliferation in Mixed-Lymphocyte Reaction essay. Finally, MSC differentiation
into adipocytes, osteocytes, and chondrocytes was validated in preliminary
experiments [22].

MSC infusion

Third-party unrelated MSC infusion was performed on post-transplant day 3 ± 2
through a central intravenous line in fully monitored, stable, conscious and extu-
bated patients who were receiving standard LT recipient care, after liver Doppler
ultrasonography confirming arterial and portal flows. MSC infusion had to be per-
formed within 60 min of thawing, with two investigators at the patients’ bedside.

Primary endpoints

MSC infusional toxicity
The duration and volume of the MSC infusion were noted. To assess pulmonary
and systemic toxicity of MSC infusion, tympanic body temperature, heart rate,
mean arterial blood pressure and peripheral capillary oxygen saturation (SpO2)
were recorded 5 min before infusion, after 15 min and at the end of the MSC infu-
sion. Clinical signs of allergy, such as skin reaction or anaphylactic shock, were
also recorded.

MSC infectious and cancerous complications
The incidence, timing and severity of any infections (bacterial, viral, fungal) and
any malignant diseases were prospectively recorded until month 12 in both
groups.

Secondary endpoints

Patient and graft survivals and biopsy-proven graft rejection rates were prospec-
tively recorded in both groups until month 12. Liver graft function (bilirubin, liver
enzymes, international normalised ratio (INR)), kidney function (creatinine),
C-reactive protein (CRP) and tacrolimus levels were compared using standard
clinical blood tests at day 7 and months 1, 3, and 6. Blood immunoglobulin levels
were compared at months 1 and 6.

Liver graft biopsy and immunohistochemistry

Month-6 formalin-fixed, paraffin-embedded graft biopsies were blindly analysed
by two gastrointestinal pathologists (N.B., J.S), who described fibrosis and signs of
graft rejection according to the Banff criteria [24]. Paraffin-embedded sections of
liver biopsy specimens (4 mm thick) underwent immunostaining using an auto-
mated immunostainer (Ventana Medical Systems, Tucson, AZ) with antibodies
directed against human CD3, CD4, CD8, CD20, CD138, CD68, CD1a and FoxP3.
An amplification kit (Ventana Medical Systems) and a detection system including
diaminobenzidine (Ventana Medical Systems) as a chromogen were used during
the automated procedure. Archival lymph node sections were used as positive
controls. For negative controls, the primary antibody was omitted. The mean
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Fig. 1. Scheme of the study. MSC: Mesenchymal stromal cell; MMF: mycophe-
nolate mofetil; MP: Methylprednisolone.
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number of positive cells in each patient was calculated by counting these cells
(original magnification, 400!) in the three most cellular microscopic fields, also
called hot spots.

Peripheral blood lymphocyte immunophenotyping and CD4 phenotyping

Peripheral blood mononuclear cells were phenotyped on days 30, 90 and 180
using 4-color flow cytometry after treatment with a red blood cell lyzing solution
as described [25]. The analysed cell subsets were T cells (CD3+), CD4+ T cells
(CD3+ CD4+ lymphocytes), CD8+ T cells (CD3+ CD8+ lymphocytes), naïve CD4+ T
cells (CD4+ CD45RAhigh lymphocytes), memory CD4+ T cells (CD4+ CD45RO+ lym-
phocytes), natural killer (NK) cells (CD3" CD56+ lymphocytes), as well as B cells
(CD19+ lymphocytes). The percentage of positive cells was measured relative to
total nucleated cells, after subtraction of non-specific staining. Absolute counts
were obtained by multiplying the percentages of positive cells by the white blood
cell counts (Advia 120 haematology analyser, Bayer Technicon).

More detailed CD4+ T cell phenotyping was performed on days 0 (before LT),
30 and 90 as previously reported [19]. Tregs were defined as CD4+ CD25+

CD127dim FOXP3+ lymphocytes while remaining CD4+ T cells were considered
as conventional T cells (Tconvs). Naïve Tregs were defined as CD45RA+ HLA-
DRneg Tregs, and activated effector Tregs were defined as CD45RAneg HLA-DR+

Tregs as previously reported [26]. T cell proliferation was assessed by Ki67
expression, and IL-2 signalling was estimated by quantifying the expression of
phosphorylated STAT5 (phosphoSTAT5) [27]. The following antibodies specific
for human epitopes were used: CD4-APC (RPA-T4), CD25-PeCy7 (BC96, Sony),
CD127-biotin (eBioRDR5), CD45RA-BV510 (HI100, BD), HLA-DR-PE (L243),
FOXP3-AlexaFluor488 (259 D, Biolegend, ImTech Antwerp, Belgium),
posphoSTAT5-BV421 (pY694, BD), Ki67-PercPCy5.5 (B56, BD) and anti-
streptavidin APCCy7 (all from eBioscience, unless otherwise indicated). Samples
from patients were thawed and washed with staining buffer. One million cells
of each sample were then incubated with surface antibodies for 20 min at 4!C
in the dark and washed with staining buffer. This process was repeated for a
15 min period for the streptavidin staining step. Then, samples were permeabi-
lized using the PerFix EXPOSE (Beckman Coulter, Brea, CA) according to the man-
ufacturer’s instructions and as previously reported [26]. Data were acquired using
a fluorescence activated cell sorting (FACS) Canto II (Becton Dickinson) and were
analysed with FlowJo v7.6.5 (Treestar Inc., San Carlos, CA).

Statistical analysis

Data are presented as median values and ranges, and the difference between
groups was evaluated by the Mann–Whitney U test. Proportions were analysed
using Fischer’s test. Differences between repeated measures were evaluated by
one-way ANOVA using the Friedman test as a post-hoc test. Survival rates were
calculated with the Kaplan–Meier method and compared with the log-rank
(Mantel-Cox) test. A value of p <0.05 was considered significant. Data were anal-
ysed using Prism 6.0c software for Macintosh OSX (GraphPad Software, San
Diego, CA).

For further details regarding the materials used, please refer to the CTAT
table.

Results

Liver transplantation donor and recipient characteristics

No statistical difference could be detected between the MSC and
control groups concerning the characteristics of both liver graft
donors and recipients (Supplementary material).

Primary endpoints

MSC infusional toxicity
On day 3 (2–5), the 10 MSC patients received 2.1#106/kg (1.9–2.7)
MSC, representing a perfusion volume of 341 ml (302–614). Med-
ian duration of infusion was 25 min (11–60). No variation in vital
parameters or cytokine release syndrome could be clinically
detected during and after MSC infusion (Table 2). No MSC patient

developed clinical signs of allergy or impairment of vital func-
tions (including liver graft function) within the week following
MSC infusion.

Infectious and cancerous complications
No patient in either group developed life-threatening opportunis-
tic infection or de novo cancer (including post-transplant lympho-
proliferative disease) during follow-up. There was no difference
in overall rates of infection between the two groups (Table 3).
In the MSC group, two patients developed labial herpetic infec-
tions successfully treated by oral acyclovir. In addition, two
MSC patients at high risk of CMV (D+, R") developed asymp-
tomatic CMV seroconversion under valganciclovir therapy. No
patients developed CMV disease. Two patients transplanted for
hepatocellular carcinoma (HCC) complicating cirrhosis had a
pejorative pathology report and developed HCC recurrence: one
MSC patient had a R1 LT with a HCC nodule invading the
diaphragm (he died from HCC recurrence at month 10) and one
control patient had an unsuspected neoplastic thrombus in a
supra-hepatic vein at liver pathology (still alive at 5-year
follow-up after HCC recurrence at month 23 and resection of pul-
monary metastases).

Secondary endpoints

No patient required retransplantation during the first year of
follow-up. One patient from the control group died at day 16
from a hypovolemic shock induced by a fistula between the hep-
atic artery and the bile duct, probably due to an infected pseu-
doaneurysm. Six-month graft and patient survivals were 100%
and 90% in the MSC and control group, respectively (not signifi-
cant [NS]). One year graft and patient survivals were 90% in both
groups (NS). No patient in either group developed biopsy-proven
rejection during the first 6 months of follow-up. Protocol month-
6 biopsies did not demonstrate a difference between groups in
the evaluation of the Banff criteria, the fibrosis score or the
immunohistochemistry (Table 4; Figs. S1, S2). No difference could
be detected in liver graft or kidney function between the two
groups during the 6 months of comparison (Table 5; Fig. S3).
No difference in peripheral blood lymphocyte phenotyping could
be detected on day 30, 90 and 180 (Table 6; Fig. S4).

Impact of MSCs on peripheral blood CD4+ T cells (including Tregs)

The two groups of patients had similar counts of peripheral blood
CD4+ T cells and Tconvs on days 0, 30 and 90 after transplantation
(Fig. 2A–B). As shown in Fig. 2C–F, Treg counts and phenotype
(naïve vs. resting vs. activated) were comparable in the two
groups of patients at each time point. Furthermore, Treg as well
as Tconv proliferation (assessed by Ki67 expression) was also
similar in the two groups of patients, as were the levels of phos-
phoSTAT5 in Tregs (the latter translating similar IL-2 signalling in
Tregs). These combined observations suggest that a single MSC
infusion had no impact on Treg count or phenotype in this study.

Immunosuppression withdrawal in the MSC group

One patient from the MSC group was excluded from immunosup-
pression withdrawal attempt due to HCC recurrence, but the nine
others met the necessary criteria. In one patient, tacrolimus and

Research Article

50 Journal of Hepatology 2017 vol. 67 j 47–55



 

 

 73 

 

MMF withdrawal was performed without rejection and she
remained off immunosuppression for 12 months. In two patients,
MMF monotherapy was achieved at month 9, but graft rejection
occurred during MMF withdrawal and was successfully treated
by tacrolimus reintroduction. In six patients, the transaminases
significantly increased during tacrolimus withdrawal. In these
cases, withdrawal was cancelled and liver tests normalised after
increase of the tacrolimus dose.

Discussion

This phase I, prospective, controlled study is the first to evaluate
the feasibility, safety and tolerability of MSC infusion in a series

of 10 LT patients under classical tacrolimus-based immunosup-
pression. In these patients, a post-transplantation intravenous
1.5–3 ! 106/kg MSC infusion was well tolerated, without evi-
dence of pulmonary dysfunction or of cytokine release syndrome.
This dosing was chosen according to the authors’ experiences
with MSC infusion after hepatic stellate cell (HSC) transplantation
[23,28]. These LT patients receiving MSC did not develop any evi-
dence of impairment in vital organ functions, including the liver
graft and the kidneys. In addition, they did not suffer from an
increased susceptibility to infections. No de novo cancer was
detected after one year of follow-up, and a HCC recurrence was
observed in a patient with a very poor prognosis due to
unexpected extra-hepatic HCC spread discovered during LT. For
all these primary endpoints, the LT recipients who received
MSCs did not react differently compared to patients in the
control group. This finding is an important step in the evaluation
of the potential role of MSCs in SOT recipients, and particularly
after LT.

In the last decade, MSCs have been extensively studied both
in vitro and in vivo. Their anti-inflammatory and immunoregula-
tory properties [29,3], added to potential beneficial effects on
ischaemia/reperfusion injury [5], might select MSCs as a potential
future therapy for SOT recipients in whom life-long immunosup-
pression and chronic allograft dysfunction still impair quality of
life and graft survival. However, as the clinical use of MSCs is still
under evaluation in preliminary trials in non-transplant patients,
their potential secondary effects need to be carefully assessed in
SOT recipients. Due to their size, MSCs are known to embolize
within the pulmonary circulatory bed when they are infused in
the peripheral or central venous circulation of mice [12]. There
is therefore a theoretical risk of decreased pulmonary exchange
after MSC infusion, but this complication has not been reported
so far in the early phase clinical trials nor in the randomized
study in living-related kidney transplantation performed in China
[9]. As reported previously by our group, MSC infusion in
hematopoietic stem cell transplant recipients has not been

Table 2. Comparison of vital parameters before, during and after MSC infusion.

Pre MSC infusion After 15min End of MSC infusion p value
Temperature (!C) 36.1 (35.4–37.7) 36.4 (35–36.9) 36.2 (35.5–37) 0.87
Mean arterial pressure (mmHg) 103 (87–124) 107 (84–120) 106 (94–115) 0.83
Heart rate (per min) 81 (65–102) 83 (65–102) 81 (68–101) 0.17
SpO2 (%) 99 (93–100) 100 (92–100) 98 (93–100) 0.67

MSC, Mesenchymal stromal cells; SpO2, peripheral capillary oxygen saturation.
p values were calculated using a one-way ANOVA and Friedman test for post-hoc analysis.

Table 3. Cancerous and infectious complications (1-year follow-up).

MSC group
(n = 10)

Control group
(n = 9)

p value

Cancer
Total 1 0 > 0.99
de novo 0 0
HCC recurrence 1 0

Infection
Total 2 6 0.06
Fungal 0 0
Viral 0 0
CMV disease 2 0
HSV 0 1
VZV

Other 0 1
Wound 0 2
Urinary 0 1
Sinusitis 0 1
Pulmonary

MSC, Mesenchymal stromal cell; HCC, hepatocellular carcinoma; CMV, cytome-
galovirus; HSV, herpes simplex virus; VZV, Varicella-zoster virus.
p values were calculated using a Fischer’s test.

Table 4. Histology and immunohistochemistry of D180 liver graft biopsies.

MSC group
(n = 10)

Control group
(n = 9)

p value

Banff score 3 (0–6) 4 (0–7) 0.21
Fibrosis score 1 (0–2) 1 (0–3) 0.48
CD3 196 (95–334) 162 (93–590) 0.86
CD4 101 (54–212) 103 (17–496) >0.99
CD8 69 (15–196) 85 (12–300) 0.49
CD68 28.5 (12–75) 40 (15–104) 0.58
CD1a 1 (0–3) 1 (0–3) 0.83
CD138 7.5 (4–38) 6 (2–44) 0.50
CD20 27 (3–95) 28 (10–163) 0.66
FoxP3 2 (0–16) 4 (0–33) 0.49

MSC, mesenchymal stromal cell.
Data are presented as median and ranges; p values were calculated using a Mann-Whitney U test.
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associated with any infusional toxicity [23], nor with long-term
impairment of lung function [28]. This was confirmed in the cur-
rent trial, as our ten patients receiving MSCs did not develop any
sign of pulmonary dysfunction. In addition, there was no suspi-
cion of allergy or cytokine release syndrome observed in this
study, or of any other possible complications concerning the liver
graft or extra-hepatic organ function. In a preliminary evaluation
in two kidney recipients, possible toxicity of MSC infusion on kid-
ney graft function was suggested [14], but this ‘‘engraftment syn-
drome” was not detected in our cohort of LT recipients or in any
other MSC clinical trial to date.

As MSCs are immunosuppressive, SOT recipients who receive
MSCs in addition to standard immunosuppression could be over-
immunosuppressed and develop higher rates of opportunistic
infections [26]. Again, in a small series of kidney recipients,
opportunistic infections were observed after MSC treatment
[15]. On the contrary, in the largest experience reported so far
of MSC infusion after living-related kidney transplantation, MSC
recipients developed fewer infectious complications than
controls [9]. In our series, the MSC patients did not develop

life-threatening infections, and no difference could be detected
in comparison with the control group.

It has been suggested in in vitro experiments that MSCs might
carry a potential for cancerous degeneration [17]. This potential
risk has so far not been demonstrated in the preliminary MSC
clinical experiences in either SOT or in non-SOT patients, and
no patient in our series had developed de novo cancer after one
year follow-up. This important issue needs to be confirmed by
further follow-ups of this series and by further experience in lar-
ger series. Furthermore, in the series described here, one patient
died from early HCC recurrence after a R1 LT with a very bad
prognosis. The authors do not consider that HCC within Milan cri-
teria should be excluded for further MSC trials in LT, but the pos-
sibility of an increased risk of HCC recurrence after MSC infusion
cannot be excluded by this preliminary phase I study.

As secondary endpoints, this study prospectively evaluated
the possible effects of a single infusion of MSCs on LT recipient
immunity by comparison with a control group. No difference
could be detected between the MSC and control groups on graft
rejection episodes, opportunistic infection rates, graft histology

Table 5. Post-operative laboratory tests.

MSC group
(n = 10)

Control group
(n = 9)

p value

D7
Total bilirubin (mg/L) 10.2 (4.6–26.8) 8.3 (3.7–20.7) 0.21
AST (U/L) 28.5 (19–101) 46 (30–105) 0.16
AP (U/L) 140 (43–475) 256 (172–590) 0.04
GGT (U/L) 218 (29–626) 368 (172–760) 0.24
INR 1.14 (1–1.21) 1.06 (1–1.26) 0.16
Creatinine (mg/L) 11.55 (5.7–36) 8.9 (5.9 – 16.9) 0.32
CRP (mg/L) 32.8 (8.4–50.1) 24.6 (12.8–144.3) 0.82
Tacrolimus (lg/L) 7.1 (3.1–9) 9 (2.1–11.7) 0.12

D30
Total bilirubin (mg/L) 5.6 (3.4–11.6) 4.6 (1.3–7.5) 0.34
AST (U/L) 18 (11–51) 16 (9–61) 0.48
AP (U/L) 137.5 (53–554) 144 (103–857) 0.43
GGT (U/L) 101 (26–596) 112 (42–690) 0.82
INR 1.15 (0.97–1.26) 1.08 (1–1.19) 0.53
Creatinine (mg/L) 16.2 (5.3–24.4) 14.1 (8.2–27.6) 0.45
CRP (mg/L) 12.9 (4.8–62.2) 17.2 (3.5–73) 0.94
Tacrolimus (lg/L) 8.1 (2.4–10) 8 (5–16.3) 0.51

D90
Total bilirubin (mg/L) 4.8 (3–19.8) 4.3 (2.3–7.5) 0.34
AST (U/L) 20 (14–31) 20 (11–58) 0.79
AP (U/L) 101.5 (56–1461) 119 (86–570) 0.54
GGT (U/L) 58.5 (15–695) 49 (14–332) 0.76
INR 1.1 (0.95–1.29) 1.13 (1.01–1.56) 0.65
Creatinine (mg/L) 12.05 (5–25.7) 13.4 (7–21.7) 0.92
CRP (mg/L) 3.1 (1–27.6) 6.8 (1.3–23.5) 0.20
Tacrolimus (lg/L) 7.7 (3.7–13) 6.4 (5.2–13.2) 0.61

D180
Total bilirubin (mg/L) 6.6 (3.7–25.7) 4.6 (0.43–27) 0.27
AST (U/L) 25 (15–44) 24 (14–136) 0.64
AP (U/L) 143.5 (67–1,166) 186 (82–554) 0.26
GGT (U/L) 81 (22–978) 53 (12–2,064) 0.43
INR 1.1 (1–1.26) 1.07 (1–1.17) 0.23
Creatinine (mg/L) 11.6 (7.1–18.9) 10.1 (1.28–15.8) 0.30
CRP (mg/L) 3.5 (0.7–36.5) 5.6 (0.9–151) 0.23
Tacrolimus (lg/L) 4.9 (2.3–9.3) 7.4 (4.9–13) 0.02

MSC, mesenchymal stromal cells; D, day; AST, aspartate aminotransferase; AP, alkaline phosphatase; GGT, gamma glutamil transferase; INR, international normalised ratio;
CRP, C-reactive protein.
Data are presented as median and ranges; p values were calculated using a Mann-Whitney U test.
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and immunohistochemistry at day 180 and on peripheral blood
CD4+ T cell subsets. Particularly, no impact of MSC infusion on
Tconv counts/proliferation was demonstrated, suggesting that
MSCs did not impact T cell immunity while, in contrast to what
has been observed in mice [30], MSC infusion did not influence
Treg number, proliferation or phenotype in this cohort of
patients. This finding might indicate that a single infusion of
MSCs in LT patients receiving tacrolimus and MMF will not mod-
ify their immunity status. As MSCs and immunosuppressive
drugs inhibit the same targets (essentially T cells), it is reasonable
to consider that interactions between them can occur. The cur-
rent standard of immunosuppression after LT is a triple therapy
associating low-dose steroids, MMF and tacrolimus, with rapid
steroid weaning. In vitro, some authors have shown that tacroli-
mus and rapamycin might decrease MSC immunosuppressive
properties [31], and conversely, that MSCs might reduce the
immunosuppressive capacities of tacrolimus and rapamycin.
Such an effect has not been found with mycophenolic acid
(MPA), an MMF metabolite. Moreover, a high dose of tacrolimus
seems to be toxic for MSCs, while MPA and rapamycin at a ther-
apeutic dose just inhibit MSC proliferation [32]. Furthermore, it
has been demonstrated that MPA and MSCs have a synergistic
immunosuppressive effect [32]. In vivo, MPA and MSCs also
synergize to promote long-term allograft tolerance in rat heart

transplantation [33]. As Tregs probably play an important role
in MSC-mediated immunomodulatory effects, it is important to
confirm that such a combination therapy is also favourable for
Treg expansion. Hence, a recent study supported that mTOR
inhibitor-based immunosuppression favours survival of Tregs
after administration in a nonhuman primate model, whereas
tacrolimus does not [34].

In addition, in a phase II part of this study, patients from the
MSC group underwent unsuccessful progressive immunosup-
pression weaning. Induction of operational tolerance is a major
goal in SOT and particularly in LT patients [1]. Operational toler-
ance is a rare phenomenon after LT [18]. Tregs have been pro-
posed to be key in strategies aiming for tolerance and
immunomodulation after SOT [35]. In a recent paper, Todo et al.
demonstrated that a single Treg injection might promote opera-
tional tolerance after living-related LT [36]. Recently, it has been
demonstrated both in vitro and in vivo that MSCs could promote
Treg expansion by their effects on immature dendritic cells [37].
In this study, the authors were not able to show that a single infu-
sion of MSCs at day 3 after deceased LT could promote Treg
expansion, Treg infiltration of the liver graft at biopsy at day
180, or operational tolerance.

There are many shortcomings to this study. First, it is clear
that this first study in ten LT recipients does not prove the safety

Table 6. Peripheral blood lymphocyte counts.

MSC group (n = 10) Control group (n = 9) p value
D30
White blood cells (/ll) 6,630 (3,280–9,700) 5,190 (4,150–10,030) 0.67
Lymphocytes (/ll) 855 (380–1,690) 940 (300–1,550) 0.92
CD3 (/ll) 687 (288–1,406) 620 (200–1,336) 0.48
CD45RA (/ll) 119 (50–557) 147 (48–234) 0.70
CD45RO (/ll) 373 (179–516) 201 (79–609) 0.23
CD3+ CD4+ (/ll) 535 230–978) 349 (128–786) 0.30
CD3+ CD56+ (/ll) 27 (1–87) 42 (4–154) 0.35
CD3+ CD8+ (/ll) 115 (49–418) 142 (57–336) 0.76
CD19 (/ll) 144 (30–286) 99 (38–369) 0.70
CD56 (/ll) 109 (45–365) 188 (58–618) 0.27

D90
White blood cells (/ll) 5,265 (970–8,160) 5,200 (2,470–7,030) 0.39
Lymphocytes (/ll) 875 (420–1,880) 760 (490–1,760) 0.82
CD3 (/ll) 767 (352–1,225) 553 (274–1,419) 0.30
CD45RA (/ll) 123 (51–389) 82 (54–259) 0.58
CD45RO (/ll) 381 (171–680) 179 (135–765) 0.23
CD3+ CD4+ (/ll) 516 (292–923) 285 (202–976) 0.27
CD3+ CD56+ (/ll) 21 (1–99) 34 (2–197) 0.76
CD3+ CD8+ (/ll) 202 (41–496) 228 (56–362) 0.94
CD19 (/ll) 93 (34–354) 100 (21–321) 0.76
CD56 (/ll) 154 (66–331) 119 (59–550) 0.82

D180
White blood cells (/ll) 4,815 (4,200–8,150) 5,440 (2,680–11,430) 0.99
Lymphocytes (/ll) 1,250 (660–2,260) 1,000 (540–1,340) 0.23
CD3 (/ll) 880 (395–2,098) 592 (342–1,366) 0.27
CD45RA (/ll) 127 (76–364) 108 (61–298) 0.58
CD45RO (/ll) 396 (214–615) 267 (156–864) 0.20
CD3+ CD4+ (/ll) 623 (348–728) 359 (224–1,163) 0.20
CD3+ CD56+ (/ll) 31 (1–91) 36 (3–117) 0.54
CD3+ CD8+ (/ll) 238 (38–1,471) 210 (73–345) 0.70
CD19 (/ll) 99 (25–256) 192 (52–258) 0.27
CD56 (/ll) 191 (66–386) 210 (55–490) > 0.99

Data are presented as median and ranges; p values were calculated using a Mann-Whitney U test.
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of MSC infusion in this setting. These results will have to be con-
firmed by further studies in larger groups of SOT recipients. The
absence of detectable effects of MSCs might be due to an insuffi-
cient sample size, to the tacrolimus-based immunosuppressive
regimen or to an insufficient MSC dosing, which should possibly
be increased or repeated. The timing (pre-, intra- or postopera-
tive) and the infusion routes (peripheral vein, portal vein or hep-
atic artery) of MSC infusion should also be evaluated. Different
sources (BM, fat tissue, liver) or donors (organ donor, organ recip-
ient) of MSCs might also be tested in further studies.

In summary, this study reported the first prospective
controlled phase I clinical trial evaluating the toxicity of a MSC-
based immune-regulating regimen in a series of deceased LT
recipients receiving classical tacrolimus-based immunosuppres-
sion. In this trial, no side effects of MSC infusion at day 3 after
transplantation could be detected. Even if no modification of
the patient immunity and Treg expansion could be demonstrated,
and even if immunosuppression weaning was not successful in
this first series of ten patients, this study opens the way for
further MSC or Treg-based trials in LT recipients.
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Fig. 2. Evolution of on peripheral blood CD4+ T cells (including Tregs) on days 0, 30 and 90 in the control (light blue boxes) or MSC (dark blue rectangles) groups. (A)
Total CD4+ T cells; (B) Conventional CD4+ T cells (Tconv); (C) Regulatory T cells (Tregs); (D) Treg subsets; (E) Treg proliferation (assessed by Ki67 expression); (F) Treg IL-2
signalling (assessed through phosphoSTAT5 expression). HLA-DRpos CD45RAneg (DR+, RA!) Tregs refer to activated Tregs, HLA-DRneg CD45RAneg (DR+, RA!) Tregs refer to
resting Tregs and HLA-DRneg CD45RApos (DR!, RA+) Tregs refer to naïve Tregs. Plots display the median, 25th and 75th percentiles of the distribution (boxes), and whiskers
extend to the 10th and 90th percentiles. Blue zones show normal ranges (from 5th to 95th percentiles) and horizontal lines the medians in 45 age-matched healthy
controls. No statistical difference could be detected between the two. Mann-Whitney U test.
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Summary 

 

In this article, we report the long-term results of a prospective, controlled, and first-in-

human phase 1 study evaluating the safety of a single MSC infusion after LTx after 5 years of 

follow-up. A total of 10 LTR treated with standard immunosuppression received 1.5-3 × 106/kg 

3rd party unrelated MSCs on postoperative day 3 and were prospectively compared with a 

control group of 10 LTR. No attempt was made to match HLAs between liver graft donors and 

recipients on one hand and MSC donors (3rd party MSCs) on the other. 

Primary endpoints were set to prospectively detect potentially delayed adverse effects 

of MSC infusion, particularly the occurrence of infections and cancers. Secondary endpoints 

of liver graft and patient survival, graft rejection and function, occurrence of bile duct 

complications, and development of DSAs against liver (liver-DSAs) or MSC (MSC-DSAs) donors 

were studied.  

No patient had been lost to follow-up, that was fixed at March 21st, 2021. Median 

follow-up was 85 months with a follow-up of at least 5 years in all surviving patients. From 

transplantation to year 5, there was no significant difference in infection rates between 

groups. There was no difference in the rates of cancer diagnosis between groups. The 5-year 

graft and patient survival rates were 70% and 80% in the MSC and control groups, respectively. 

No differences could be detected in liver graft, kidney function, or tacrolimus levels between 

the 2 groups at years 1, 3, or 5. No patient in either group developed biopsy-proven acute 

rejection requiring bolus steroid therapy during the whole follow-up. A total of 13 patients 

underwent liver graft biopsies (7 and 6 in the MSC and control groups, respectively). The 

median Banff scores were 3 (1-5) and 1.5 (0-3) in the MSC and control groups, respectively 

(NS). The median fibrosis scores were 0 (0-3) and 0 (0-1) in the MSC and control groups, 

respectively (NS). Regarding immunosuppression at the 5-year follow-up, 6 patients in each 

group were on tacrolimus. A total of 5 and 6 patients were on mycophenolate mofetil in the 

MSC and control groups, respectively, and a total of 1 and 2 patients were on everolimus in 

the MSC and control groups, respectively. 

Concerning HLA mismatches and DSAs, total number of HLA mismatches between 

recipients and donors was 72 in both the control and MSC group. In the MSC group, the total  
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number of HLA mismatches between recipients and MSC donors was 79. In the control group, 

3 patients developed 1 de novo liver-DSA class I during the first 6 months after LTx. Another 

recipient developed 2 de novo liver-DSAs class II (both with MFI >5000) more than 2 years 

after transplantation. In total, 5 de novo liver-DSAs were detected in 4 control recipients 

during follow-up. In the MSC group, 6 patients developed at least 1 de novo liver-DSA (all but 

1 were HLA class II antibodies of which 3 were with MFI>5000) during the first year of follow-

up. Among these 6 patients, 3 developed 1 de novo liver-DSA and 3 developed 2 de novo liver-

DSAs. A total of 4 patients with de novo liver-DSAs class II were with MFI >5000. The 

prevalence of de novo liver-DSA was 6.9% (n=5) and 12.5% (n=9) of HLA mismatches in the 

control and MSC groups, respectively (P=0.4). The prevalence of de novo liver-DSA for class I 

HLA mismatches was 7% (n=9) and 2.2% (n=5) in the control and MSC groups, respectively 

(P=0.36). The prevalence of de novo liver-DSA for class II HLA mismatches was 6.9% (n=2) and 

29.6% (n=8) in the control and MSC groups, respectively (P=0.04). In the MSC group, 3 patients 

developed at least 1 de novo MSC-DSA with a total of 4 detected MSC-DSAs. One patient 

developed 1 class I MSC-DSA detected from month 1 (MFI>5000) to the end of follow-up, and 

1 class II MSC-DSA at month 12. Two de novo MSC-DSAs class II were also detected in 2 other 

patients, 1 at month 1 (MFI>5000) and 1 at month 6. All of the de novo MSC-DSAs class II were 

linked to a shared HLA mismatch between the liver and MSC donors. Considering the 5 HLA 

class II shared mismatches, 3 (60%) led to de novo liver+MSC-DSA detection in the MSC group. 

The development of anti-HLA antibodies against an MSC donor should be further evaluated, 

especially in cases of shared HLA mismatches between graft and MSC donors, despite the fact 

that no deleterious effect has been detected. 

In conclusion, this first prospective clinical trial investigating the safety of injecting 

allogeneic MSCs after deceased donor LTx did not demonstrate potential adverse effects, 

particularly no increased rate of opportunistic infections and cancers. Injecting allogeneic 

MSCs after deceased donor LTx may promote liver-DSA class II emergence in LTR. This subject 

deserves further investigation. The potential benefits of MSC injections in the context of organ 

transplantation have yet to be demonstrated. 
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Infusion of Allogeneic Mesenchymal 
Stromal Cells After Liver Transplantation: 
A 5- Year Follow- Up
Morgan Vandermeulen,1,2 Maleyko Mohamed- Wais,2 Pauline Erpicum,2,3 Marie- Hélène Delbouille,1 
Chantal Lechanteur,4 Alexandra Briquet,4 Gianni Maggipinto,5 François Jouret,2,3 Yves Beguin,4,6,7 
and Olivier Detry 1,2

1 Department of Abdominal Surgery and Transplantation, University of Liege Hospital (CHU ULiege), University of Liege, Liege, 
Belgium; 2 Centre de Recherche et de Developpement du Departement de Chirurgie, Interdisciplinary Cluster for Applied Genoproteomics 
(GIGA) Cardiovascular Sciences, University of Liege, Liege, Belgium; 3 Department of Nephrology, CHU ULiege, University of Liege, 
Liege; 4 Laboratory of Cell and Gene Therapy, CHU ULiege, University of Liege, Liege; 5 Division of Immuno- Hematology, CHU 
ULiege, University of Liege, Liege, Belgium; 6 Interdisciplinary Cluster for Applied Genoproteomics (GIGA)- I3- Hematology, University 
of Liege, Liege, Belgium; and 7 Department of Hematology, CHU ULiege, University of Liege, Liege, Belgium

Various properties of mesenchymal stromal cells (MSCs) might be particularly of interest after liver transplantation (LT). 
In this article, we report the long- term results of a prospective, controlled, and first- in- human phase 1 study evaluating the 
safety of a single MSC infusion after LT. A total of 10 LT recipients treated with standard immunosuppression received 1.5 to 
3 × 106/kg third- party unrelated MSCs on postoperative day 3 and were prospectively compared with a control group of 10 LT 
recipients. Primary endpoints were set to prospectively detect potentially delayed adverse effects of MSC infusion, particularly 
the occurrence of infections and cancers. Secondary endpoints of liver graft and patient survival, graft rejection and function, 
occurrence of bile duct complications, and development of donor- specific anti– human leukocyte antigen (HLA) antibodies 
(DSA) against liver or MSC donors were studied. The median follow- up was 85 months. There was no difference in overall 
rates of infection or cancer at 5 years of follow- up between the 2 groups. There was also no difference in secondary endpoints. 
The prevalence of de novo liver DSAs related to HLA mismatches was twice as high in the MSC group compared with the 
control group. All of the de novo class II HLA antibodies against MSCs were linked to a shared HLA mismatch between the 
liver and MSCs. This study confirms the safety of a single MSC infusion after LT. The potential benefits of MSC injections in 
the context of organ transplantation have yet to be demonstrated by larger prospective studies. The development of anti- HLA 
antibodies against an MSC donor should be further evaluated, especially in cases of shared HLA mismatches between graft 
and MSC donors, despite the fact that no deleterious effect has been detected.
Liver Transplantation 28 636‒646 2022 AASLD.
Received July 9, 2021; accepted September 22, 2021.

Mesenchymal stromal cells (MSCs) are multipotent 
progenitor cells capable of differentiating into various 
cells and tissues, such as chondrocytes, osteoblasts, 
and adipocytes.(1) In addition, some MSC character-
istics might be particularly of interest in solid organ 

transplantation, such as their capacity to attenuate 
ischemia/reperfusion injury, their potential role in 
tissue regeneration or repair, and their immunomod-
ulation properties.(2- 6) Promising preclinical results, 
including the demonstration of the ability of MSCs 
to inhibit T cell proliferation and dendritic cell mat-
uration and to induce CD4+CD25+FoxP3+ T reg-
ulator lymphocyte expansion,(7) prompted clinical 
trials using MSC- based therapy after living related or 
deceased donor transplantation, particularly in kid-
ney transplantation (KT) and in liver transplantation 
(LT).(2)

Our group initiated 2 prospective clinical trials inves-
tigating the safety of injecting allogeneic third- party 

VANDERMEULEN ET AL.

Abbreviations: allo- MSC, allogeneic mesenchymal stromal cell; AS, 
anastomotic stricture; AST, aspartate aminotransferase; BM, bone 
marrow; CMV, cytomegalovirus; CRP, C- reactive protein; DSA, donor- 
specific anti- HLA antibodies; GGT, gamma glutamyltransferase; HCC, 
hepatocellular carcinoma; HLA, human leukocyte antigen; HLA- A, 
HLA antigen A; HLA- B, HLA antigen B; HLA- C, HLA antigen 
C; HLA- DRB1, HLA antigen DRB1; HLA- DQB1, HLA antigen 
DQB1; HSV, herpes simplex virus; INR, international normalized 
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MSCs after deceased donor KT and LT.(8,9) In theory, 
among the potential adverse effects, intravenous MSC 
infusion could be complicated by an immediate toxic-
ity, by a cytokine- release syndrome,(10) and by MSC 
embolism in the pulmonary vasculature.(11) In addi-
tion, as MSCs are potentially immunosuppressive, 
concerns remain about the potential increased rates of 
opportunistic infections and cancers after MSC infu-
sion in transplant recipients already receiving standard 
immunosuppression.(12) The 1- year reports of our 2 
studies did not demonstrate an increase in such com-
plication rates either in the KT or the LT cohort,(8,9) 
adding evidence of MSC short- term safety.(12)

Long- term safety of the clinical use of MSCs has 
still to be confirmed. In addition to their immunologic 
risk, it has been suggested that in vitro MSC expan-
sion and culture might generate genomic instability 
and chromosomal aberrations with a potential risk of 
MSC neoplastic transformation.(13,14) Another poten-
tial long- term adverse effect of MSC injection could 
be the induction of liver fibrosis.(15) Furthermore, the 
question of MSC immunogenicity remains debated.(8) 
Preclinical data suggest that allogeneic MSCs 

(allo- MSCs) could promote an antidonor immune 
response in the host.(16) Thus, clinical administra-
tion of allo- MSCs could induce the development of 
anti- MSC donor human leukocyte antigen (HLA) 
antibodies that potentially could promote rejection, 
especially in cases of common HLAs between MSCs 
and graft donors, and could harbor potential issues in 
cases of the need for retransplantation, particularly in 
KT.(8,17)

In this article, we report the long- term results of 
a prospective, controlled, and first- in- human phase 
1 study evaluating the safety of a single third- party 
allo- MSC infusion after LT, the 1- year data of which 
has been previously published elsewhere.(9) The pri-
mary endpoints of this study were set to prospec-
tively detect potential delayed adverse effects of MSC 
infusion, particularly the occurrence of opportunis-
tic infections and cancers. As secondary endpoints, 
liver graft and patient survival, graft rejection and 
function, occurrence of bile duct complications, and 
development of de novo donor- specific anti- HLA 
antibodies (DSA) against both liver and MSC donors 
were studied.

Patients and Methods
STUDY DESIGN
This study was a monocentric, prospective, nonran-
domized, controlled, open- label trial.(9) In summary, 
between March 2012 and February 2014, 10 stable 
and low- risk LT recipients treated with standard im-
munosuppression received 1.5- 3 × 106/kg third- party 
bone marrow (BM) MSCs on postoperative day 3 ± 2 
(MSC group). The protocol of MSC isolation and ex-
pansion has been detailed elsewhere.(9,18) MSC donors 
were unrelated to the recipient and fulfilled generally 
accepted criteria for allogeneic hematopoietic stem cell 
donation. MSC expansion cultures were performed 
and evaluated at the Laboratory of Cell and Gene 
Therapy (LTCG) of the University Hospital of Liege, 
CHU ULiège. Briefly, BM was collected in sterile 
conditions under local anesthesia and put in sterile 
heparinized syringes. Mononuclear BM cells were 
then isolated, seeded in sterile tissue culture flasks, cul-
tured in specific medium, and maintained at 37ഒ in a 
humidified atmosphere containing 5% CO2 for a total 
of approximately 4 weeks. After 2 passages, cells were 
harvested, washed, and resuspended and then frozen. 
Before infusion, the MSCs were thawed and diluted 

ratio; KT, kidney transplantation; liverDSA, DSA against liver donor; 
liver+MSCDSA, DSA against both liver and MSC donors; LT, liver 
transplantation; LTCG, Laboratory of Cell and Gene Therapy; MFI, 
mean fluorescence intensity; MHC, major histocompatibility complex; 
MSC, mesenchymal stromal cell; MSCDSA, DSA against MSC; NAS, 
nonanastomotic stricture; NS, not significant; SSO, sequence- specific 
oligonucleotides; VZV, varicella- zoster virus.
Address reprint requests to Morgan Vandermeulen, M.D., Department of 
Abdominal Surgery and Transplantation, CHU ULiege, University of 
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in phosphate- buffered saline, and then injected into 
the patients within 60 minutes. As quality controls, for 
each MSC expansion culture we performed flow cy-
tometry analysis to confirm the identity of the MSCs, 
an evaluation of cell viability using trypan blue ex-
clusion, and microbiology testing. MSC potency was 
evaluated by determining the percentage inhibition of 
T cell proliferation in a mixed- lymphocyte reaction 
essay. MSC differentiation into osteocytes, chondro-
cytes, and adipocytes was validated in preliminary ex-
periments.(18) No attempt was made to match HLAs 
between liver graft donors and recipients on one hand 
and MSC donors on the other.

These patients were prospectively compared with 
a control group of 10 LT recipients who fulfilled the 
study inclusion criteria (control group). The study pro-
tocol conformed to the ethical guidelines of the 1975 
Declaration of Helsinki, was approved by the local 
Ethics Committee and by the Belgian Federal Agency 
for Medicines and Health Products (Eudract no. 
2011- 001822- 81), and was registered at ClinicalTrials.
gov (protocol no. NCT 01429038). Written informed 
consent was obtained from each MSC donor and LT 
recipient. No organs from executed prisoners were 
used.

POSTTRANSPLANT MANAGEMENT 
AND IMMUNOSUPPRESSION
In the phase 2 part of the trial, recipients from the 
MSC group, who did not develop rejection and had 
normal graft biopsy, underwent an unsuccessful at-
tempt of immunosuppression withdrawal.(9) All pa-
tients were therefore treated according to the local 
immunosuppression protocol, consisting of low dose 
tacrolimus (trough levels of between 3 and 6 ng/mL) 
and mycophenolate mofetil 500  mg with adaptation 
according to adverse effects. All patients underwent 
lifelong transplant follow- up and regular outpatient 
visits with routine blood analyses. No patient had been 
lost to follow- up, that was fixed at March 21st, 2021. 
Median follow- up was 85 months with a follow- up of 
at least 5 years in all surviving patients.

PRIMARY ENDPOINTS: 
INFECTIONS AND CANCERS
The incidence, timing, and severity of any infection 
(bacterial, viral, fungal) and any malignant diseases 
were prospectively recorded in both groups.

SECONDARY ENDPOINTS
Patient and graft survival and biopsy- proven graft 
rejection rates were prospectively recorded in both 
groups. Liver graft function (bilirubin, liver en-
zymes, international normalized ratio [INR]), kid-
ney function (creatinine), C- reactive protein (CRP), 
and tacrolimus levels were compared at months 12, 
36, and 60.

No scheduled long- term graft biopsies were per-
formed, according to the study protocol and to local 
clinical management. Liver graft biopsies were only 
performed if clinically indicated (per- cause biopsies) 
or when a patient underwent unrelated abdominal 
surgery to repair incisional hernias or hepaticojejunos-
tomy (passage biopsies). These biopsies were blindly 
compared for fibrosis and for rejection according to the 
Banff criteria.(19)

Magnetic resonance cholangiopancreatography 
was performed during the patient follow- up when 
clinically indicated. Biliary strictures were defined 
as any stricture requiring endoscopic, percutaneous, 
or surgical management. Anastomotic stricture (AS) 
was defined as a stenosis located at the bile duct 
anastomosis. Non- AS (NAS) was defined as biliary 
stenosis located in the intrahepatic or extrahepatic 
bile ducts at least 1  cm above the anastomosis and 
characterized as extrahepatic if located in the donor’s 
common bile duct or hepatic ducts up to 2 cm above 
the bifurcation and intrahepatic if located above this 
level.

Each LT recipient and each liver or MSC donor was 
genotyped for HLA antigen A (HLA- A), HLA anti-
gen B (HLA- B), HLA antigen C (HLA- C), HLA 
antigen DRB1 (HLA- DRB1), and HLA antigen 
DQB1 (HLA- DQB1) based on low/medium resolu-
tion molecular typing (Luminex Corp. [Austin, TX]/
Immucor sequence- specific oligonucleotides (SSO) 
[Immucor Inc., Norcross, GA]); ambiguous results 
were resolved by means of sequence- specific primer 
molecular typing (Olerup, Stockholm, Sweden). DSA 
against MSC (MSCDSA) and DSA against liver donor 
(liverDSA) detection and identification were performed 
using Luminex solid- phase antibody detection tech-
nology (Luminex Corp. [Austin, TX] / Immucor LSA 
[Immucor Inc., Norcross, GA]). HLA antibodies were 
considered as positive when mean fluorescence intensity 
(MFI) was >1500 and in accordance with the manufac-
turer’s recommendations. An antibody was considered de 
novo if not detected before transplantation. An identical 
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HLA mismatch between the liver recipient and both the 
MSC and liver donors was considered a shared HLA 
mismatch. Sera were tested before transplantation and 
at months 1, 3, 6, and 12 and then at long- term after 
transplantation. One patient in the control group who 
died from hemorrhage before month 1 was not included 
in the mismatch and DSA analyses.

STATISTICAL ANALYSES
Data are presented as median values and ranges, and 
the differences between groups were evaluated using 
the Mann- Whitney U test. Proportions were compared 
using Fisher’s exact test. Survival rates were calculated 
with the Kaplan- Meier curve method and compared 
with the log- rank (Cox- Mantel) test. A P value <0.05 
was considered significant. Data were analyzed using 
Prism 9.1.0 software for Macintosh OS (GraphPad 
Software, San Diego, CA).

Results
PRIMARY ENDPOINTS
From transplantation to year 5, there was no significant 
difference in infection rates between groups (Table 1). 
In addition to the infections previously described,(9) 
in the MSC group, 2 patients developed Clostridium 
colitis, 2 others developed biliary infections requiring 
antibiotics, and 1 suffered from herpetic keratitis. In 
the control group, 1 patient developed pneumonia and 
later died from sepsis, 1 suffered from biliary infection 
requiring antibiotics, and 1 suffered from a resistant 
Escherichia coli urinary tract infection.

There was no difference in the rates of cancer 
diagnosis between groups (Table  1). In each group, 
1 patient developed hepatocellular carcinoma (HCC) 
recurrence and ultimately died from this recurrence.(9) 
In the MSC group, 1 patient developed non– small cell 
lung carcinoma that caused death at posttransplan-
tation month 90. In the control group, 1 patient was 
diagnosed with prostate adenocarcinoma at month 
78, 1 developed a T2 basal skin cancer operated on at 
month 78, and another died from pulmonary adeno-
carcinoma at month 21.

SECONDARY ENDPOINTS
The 5- year graft and patient survival rates were 70% 
and 80% in the MSC and control groups, respectively 

(not significant [NS]; Supporting Fig. 1). At fol-
low- up, 6 and 5 patients had died in the MSC and 
control groups, respectively (NS). The cuses of death 
were malignant diseases in 4 patients (2 in each group), 
recurrence of primary liver disease in 4 patients (3 in the 
MSC group and 1 in the control group), septic com-
plications in 2 patients (1 in each group), and 1 patient 
in the control group died from abdominal hemorrhage. 
No differences could be detected in liver graft, kidney 
function, or tacrolimus levels between the 2 groups at 
years 1, 3, or 5 (Table 2).

No patient in either group developed biopsy- proven 
acute rejection requiring bolus steroid therapy during 
the whole follow- up. A total of 13 patients underwent 
liver graft biopsies (7 and 6 in the MSC and control 
groups, respectively [passage biopsies, n  =  10; per- 
cause biopsies, n = 3]). The median Banff scores were 
3 (1- 5) and 1.5 (0- 3) in the MSC and control groups, 
respectively (NS). The median fibrosis scores were 
0 (0- 3) and 0 (0- 1) in the MSC and control groups, 
respectively (NS). Regarding biliary complications, 6 
MSC patients and 3 control patients developed AS that 
required invasive management by endoscopic dilatation 
and stenting in 7 patients and by hepaticojejunostomy 

TABLE 1. Primary Endpoints

Variables
MSC Group 

(n = 10)
Control Group 

(n = 9) P Value

Infection
Overall 7 9 NS
Fungal 0 0
Viral

CMV disease 0 0
HSV 3 0
VZV 0 1

Bacterial
Wound 0 1
Urinary 0 3
Sinusitis 0 1
Pulmonary 0 2
Digestive 2 0
Biliary 2 1

Cancer
Overall 2 4 NS
HCC recurrence 1 1
Lung 1 1
Prostate 0 1
Skin 0 1

NOTE: Fisher’s exact test.
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after failure of endoscopic treatment in 2 patients. In 
the MSC group, 1 patient developed NAS requiring 
retransplantation after failure of hepaticojejunostomy 
and ultimately died from septic complications.

Regarding immunosuppression at the 5- year fol-
low- up, 6 patients in each group were on tacrolimus. 
A total of 5 and 6 patients were on mycophenolate 
mofetil in the MSC and control groups, respectively, 
and a total of 1 and 2 patients were on everolimus in 
the MSC and control groups, respectively.

HLA MISMATCHES
Considering the 5 evaluated HLA loci (HLA- A, 
HLA- B, HLA- C, HLA- DRB1, HLA- DQB1), the 

total number of HLA mismatches between recipients 
and donors was 72 in both the control (n = 9 patients 
alive at month 1) and MSC group (n  =  10 patients 
alive at month 1). The median number of HLA mis-
matches was 9 (5 for class I and 3 class II loci) and 7 
(4.5 for class I and 3 for class II loci) in the control and 
MSC groups, respectively (Table 3 and Fig. 1).

In the MSC group, the total number of HLA mis-
matches between recipients and MSC donors was 79. 
The median number of HLA mismatches was 8 (4.5 
for class I and 3 for class II loci; Table 2). A total of 
9 patients presented at least 1 shared HLA mismatch 
between the liver and MSC donors. The total number 
of shared HLA mismatches was 14 (9 for class I and 5 
for class II loci; Table 3 and Fig. 2).

PREFORMED DSA
In each group, 1 patient presented with preformed 
class I liverDSA before LT. In the MSC group, the 
preformed liverDSA (HLA*B55:01) persisted up to 
month 6 with a decreasing intensity (MFI 7500 be-
fore LT to 2500 at month 6). In the control group, 
preformed liverDSA (HLA*A25:01) were cleared 
from month 1. In the MSC group, 1 patient pre-
sented MSCDSA before LT (HLA*A25:01), which 
persisted up to the month 6 evaluation with a de-
creasing intensity (MFI 7500 before LT and 1600 at 
month 6).

DE NOVO LIVERDSA
In the control group, 3 patients developed 1 de novo 
liverDSA class I during the first 6 months after LT. 
Another recipient developed 2 de novo liverDSA class 
II (both with MFI >5000) more than 2 years after 
transplantation. In total, 5 de novo liverDSA were 
detected in 4 control recipients during follow- up 
(Table  2 and Fig.  3A). In the MSC group, 6 pa-
tients developed at least 1 de novo liverDSA (all but 
1 were HLA class II antibodies) during the first year 
of follow- up. Among these 6 patients, 3 developed 
1 de novo liverDSA and 3 developed 2 de novo liv-
erDSA (Fig. 3A and Table 3). A total of 4 patients 
with de novo liverDSA class II were with MFI >5000 
(Fig. 3A and Table 3).

The prevalence of de novo liverDSA was 6.9% (n = 5) 
and 12.5% (n = 9) of HLA mismatches in the control 
and MSC groups, respectively (P = 0.4). The preva-
lence of de novo liverDSA for class I HLA mismatches 

TABLE 2. Laboratory Tests

Variables MSC Group Control Group P Value

Month 12
Total bilirubin, mg/dL 0.56 (0.4- 0.8) 0.48 (0.28- 0.74) 0.22
AST, U/L 31.5 (18- 141) 21 (16- 55) 0.03
Alkaline phosphatase, 

U/L
157 (93- 253) 140 (83- 284) 0.71

GGT, U/L 144 (46- 810) 81 (12- 183) 0.06
INR 1.06 (0.98- 1.28) 1 (0.92- 1.18) 0.21
Creatinine, mg/dL 1.04 (0.5- 2.4) 1.17 (0.5- 1.7) 0.98
CRP, mg/L 6.5 (2.2- 25.8) 5.2 (1.2- 22) 0.47
Tacrolimus, μg/L 7.5 (1.4- 9.5) 7.8 (3.7- 13.8) 0.69

Month 36
Total bilirubin, mg/dL 0.89 (0.34- 2.4) 0.56 (0.37- 0.77) 0.02
AST, U/L 30 (16- 64) 27 (16- 34) 0.84
Alkaline phosphatase, 

U/L
106 (59- 214) 98.5 (65- 206) 0.86

GGT, U/L 152 (16- 447) 44 (14- 497) 0.28
INR 1.03 (1- 1.14) 1.01 (1- 1.06) 0.58
Creatinine, mg/dL 0.99 (0.83- 1.78) 1.01 (0.74- 1.71) 0.71
CRP, mg/L 5.8 (1.5- 27.5) 3.7 (1.4- 15.6) 0.44
Tacrolimus, μg/L 7 (4- 10.6) 5.4 (1.5- 7) 0.18

Month 60
Total bilirubin, mg/dL 0.72 (0.34- 8.58) 0.69 (0.35- 0.78) 0.87
AST, U/L 40 (14- 112) 20 (12- 48) 0.24
Alkaline phosphatase, 

U/L
158 (64- 598) 126 (71- 150) 0.20

GGT, U/L 116 (11- 580) 44 (25- 161) 0.16
INR 0.99 (0.87- 1.3) 1 (0.98- 1.1) 0.66
Creatinine, mg/dL 1.2 (0.85- 8.34) 1.07 (0.65- 2.47) 0.59
CRP, mg/L 4.7 (0.8- 15.5) 9.6 (2.9- 35.8) 0.29
Tacrolimus, μg/L 6.3 (2.7- 15.9) 3.9 (1.8- 6.2) 0.08

NOTE: Data are presented as median (range; Mann- Whitney U 
test).
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was 2.2% (n = 5) and 7% (n = 9) in the control and 
MSC groups, respectively (P = 0.36). The prevalence 
of de novo liverDSA for class II HLA mismatches was 
6.9% (n  =  2) and 29.6% (n  =  8) in the control and 
MSC groups, respectively (P = 0.04; Figs. 1 and 3A 
and Table 3).

DE NOVO MSCDSA
In the MSC group, 3 patients developed at least 1 de 
novo MSCDSA. Patient 3 developed 1 class I MSCDSA 
(B57:01), detected from month 1 (with MFI>5000) to 
the end of follow- up, and 1 class II MSCDSA at month 

FIG. 1. Prevalence of locus- specific de novo liverDSA relative to the number of HLA mismatches in the MSC and control groups (%; 
Fisher’s exact test).

FIG. 2. Prevalence of locus- specific de novo MSCDSA relative to the number of HLA mismatches with MSC donors (upper) and 
prevalence of locus- specific de novo liver+MSCDSA relative to the number of shared HLA mismatches (lower).



 

 

 88 

  LIVER TRANSPLANTATION, Vol. 28, No. 4, 2022 VANDERMEULEN ET AL.

ORIGINAL ARTICLE | 643

12. De novo MSCDSA class II was detected in patient 
7 and patient 1 (MFI >5000) at month 1 and month 
6, respectively (Table 3). All of the de novo MSCDSA 
class II were linked to a shared HLA mismatch be-
tween the liver and MSC donors (Table 3 and Fig. 3B). 
Considering the 5 HLA class II shared mismatches, 
3 (60%) led to de novo liver+MSCDSA detection in the 
MSC group (Figs. 2 and 3B and Table 3).

Discussion
We report the long- term results of the first clinical 
phase 1, prospective, controlled study aiming to eval-
uate the feasibility, safety, and tolerability of MSC in-
fusion in 10 LT recipients. The 1- year results showed 
that a posttransplantation intravenous infusion of 1.5 
to 3 × 106/kg MSC was well tolerated without evidence 
of pulmonary dysfunction or cytokine- release syn-
drome and without short- term toxicity.(9) These short- 
term safety results were recently confirmed in a study 
evaluating the effect of third- party MSC injection be-
fore LT.(20) After a median follow- up of 85  months, 
this study did not detect any toxicity attributed to this 
MSC infusion, particularly no increased rate of infec-
tion or cancer in LT recipients who received MSCs. 
If the short- term safety of MSC infusion has already 
been proven by numerous clinical studies providing 
early data, the present study adds new important in-
formation on the absence of the long- term deleterious 
clinical adverse effects of MSC infusion in this partic-
ular patient population receiving immunosuppressive 
drugs after LT.

In this small series, the potential advantages of 
MSC infusion were evaluated as secondary end-
points. With regard to the different studied param-
eters, a single allo- MSC posttransplant infusion did 
not appear to provide a clear clinical benefit to LT 
recipients in the long- term: there was no detected 
difference in liver graft survival or function. In addi-
tion, the overall rate of biliary complications was not 
lower in the patients treated with MSCs compared 
with the control group. There was no detected dif-
ference in fibrosis or Banff scores in the performed 
graft biopsies, and no patient from either group suf-
fered from acute graft rejection requiring treatment. 
In some trials by Chinese groups, MSCs have been 
proposed as possibly playing a role in the manage-
ment of the acute rejection of liver grafts,(21) in the 
prevention of antibody- mediated rejection after 
ABO- incompatible LT,(22) and in the management 
of ischemic- type biliary lesions.(23) In this study of 
20 LTs, 1 recipient who had received MSCs devel-
oped NAS that ultimately required retransplantation 
after failure of surgical management. Biliary ASs 
were also detected in both groups and were not less 
frequent in the MSC patients. These issues deserve 
to be specifically analyzed in further studies on larger 
cohorts of patients.

This study also confirmed the preliminary data 
from our group(8) and others(2) on the potential immu-
nogenicity of MSCs, an issue that might be particu-
larly important in the field of organ transplantation. 
In LT, the impact of DSAs is not yet clearly under-
stood. So far, donor and recipient HLA matching is 
not routinely recommended in deceased donor LT 

FIG. 3. Class and identity of de novo(A) LiverDSA and (B) MSCDSA. Underlined DSA in cases of liver+MSCDSA. Bold DSA in cases of 
MFI >5000.
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because of the tolerogenic properties of the liver con-
tributing to its resistance to antibody- mediated inju-
ries.(24) Nevertheless, recent articles have shown that 
the appearance of de novo DSAs could be linked to an 
increased risk of rejection and lower graft and patient 
survival rates.(25,26)

Considering that MSC immunomodulatory prop-
erties may decrease immune responses against liver 
HLAs and the formation of de novo liverDSA, the 
comparison of the prevalence of liverDSA in the MSC 
and control groups is of particular importance. The 
appearance of MSCDSA is also relevant to determine if 
MSCs promote an MSC- directed immune response in 
the host. In vitro, MSCs classically do not express class 
II HLA nor costimulatory molecules such as CD40, 
B7- 1, or B7- 2, but do express low levels of class I 
HLA. Because of these characteristics, MSCs were ini-
tially considered as minimally immunogenic and thus 
“immune privileged.” However, the upregulation of 
both major histocompatibility complex (MHC)– I and 
MHC- II antigens on MSCs after interferon γ expo-
sure, in addition to preclinical evidence of an immune 
response against MSCs, have brought into question 
that notion of low immunogenicity.(27,28) These con-
cerns are particularly relevant in the field of solid 
organ transplantation. Indeed, in the case of a shared 
mismatch between third- party MSC donor and graft 
donor, MSCs could theoretically promote an immune 
response leading to the production of additional DSAs 
with their inherent risks to the graft.

There is in fact limited data on sensitization by 
MSCs. In 2019, Avivar- Valderas et al. reported that 
of 63 patients treated with allogenic adipose- derived 
MSCs used for perineal fistulas of Crohn’s disease, 
23 developed class I MSCDSA 12 weeks after injec-
tion, and none against class II HLA, with no con-
sequences on efficacy.(29) In an article reporting the 
use of allogeneic BM- MSCs for rheumatological 
diseases in 2 clinicals trials, de novo MSCDSA could 
be detected only in 2 of 23 treated patients during 
the 2- year follow- up.(30) An article showing greater 
efficacy in allogeneic (versus autologous) MSCs for 
the treatment of nonischemic dilated cardiomyop-
athy reported MSCDSA in only 1 patient without 
clinical impact.(31) This was approximately the same 
incidence as previous studies employing MSCs for 
cardiac diseases.(32,33) In 2019, our team published 
the results of a phase I/II trial reporting the use of 
third- party MSCs after KT in which MSCs were 
randomly assigned to KT recipients without HLA 

matching with kidney recipients or donors. De novo 
MSCDSA class I with MFI >1500 were detected in 
only 1 patient. A total of 2 more de novo MSCDSA 
(classes I and II) and 1 shared de novo kidney/MSC 
DSA (class II) with MFI <1500 were also detected.(8) 
However, one may question the clinical relevance of 
these MSCDSA data given their low MFI values and 
the stability of the graft function during follow- up.(8)

Considering that MSCs could be immunogenic 
and cause sensitization against the graft, another team 
recently published a study in which a matching strat-
egy protocol to prevent repeated mismatches between 
MSCs and kidney donors in 10 KT patients was 
used.(34) In this study, selected third- party BM MSCs 
were injected 6 months after KT. No de novo MSCs 
nor kidney DSAs were detected during the 6- month 
follow- up after MSC infusion.

In the present study, because all of the class II 
MSCDSA were also liverDSA because of a shared mis-
match, it is difficult to differentiate sensitization 
caused by the liver graft or by the MSC HLA class 
II antigen recognition by the host immune system. 
Nevertheless, the high prevalence (60%) of HLA 
antibody detection in cases of shared mismatches in 
class II loci in our study might suggest that this com-
bination could promote immunogenicity. In other 
reported studies evaluating this issue, most of the 
detected MSCDSA after MSC infusion were against 
class I HLA. Nevertheless, it seems that in cases of 
shared class II HLA mismatches between MSCs 
and the graft, class II DSA could also be promoted. 
These observations could potentially urge caution 
by avoiding repeated mismatches between third- 
party MSCs and graft donors at least for HLA class 
II or by using autologous MSCs, especially for KT, 
but this needs to be investigated further with larger 
cohorts. These observations may lead to reconsider-
ing the risk of development of MSCDSA as well as 
the necessity of a matching strategy. However, the 
absence of impact on long- term allograft outcomes 
in this study is in line with previous data in non-
transplant settings regarding the clinical significance 
of MSCDSA.(16)

There are many shortcomings to this study. First, 
it is clear that this first study in 10 LT recipients does 
not prove the long- term safety of MSC infusion after 
transplantation. These results will have to be confirmed 
by further studies in larger groups of liver recipients, 
focusing particularly on the potential immunogenicity 
of MSCs. The absence of detectable effects of MSCs 
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might be attributed to an insufficient sample size, to 
the immunosuppressive regimen, or to an insufficient 
MSC dosing, which should possibly be increased or 
repeated. The timing (preoperative, intraoperative, or 
postoperative) and the infusion routes (peripheral vein, 
portal vein, or hepatic artery) of MSC infusion should 
also be evaluated. Different MSC sources (BM, fat 
tissue, liver) or donors (organ donor, organ recipient) 
should also be tested in further studies.

In conclusion, this first prospective clinical trial 
investigating the safety of injecting allogeneic MSCs 
after deceased donor LT did not demonstrate potential 
adverse effects, particularly no increased rate of oppor-
tunistic complications. Injecting allogeneic MSCs 
after deceased donor LT may promote liverDSA class 
II emergence in LT recipients. This subject deserves 
further investigation. The potential benefits of MSC 
injections in the context of organ transplantation have 
yet to be demonstrated.
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Summary 
 

MSCs have particular properties that are of interest in organ transplantation, including 

the expansion of Tregs, a key factor in transplant tolerance induction. The ISD, necessarily 

combined with MSC infusion, probably explains in part the controversial observations of MSC 

therapy in SOT and the most effective ISD to associate with MSCs has yet to be defined. The 

impact of the association of EVR with MSCs on Treg expansion, and on the induction of liver 

graft tolerance, has never been studied. The aim of this study was to evaluate the effects of 

MSCs in combination, or not, with EVR on Treg expansion and in a model of rejection after LTx 

in the rat.  

The first part of the experiment aimed at studying the efficiency of MSCs and of the 

combination of MSCs with EVR in promoting Tregs. Twenty-four 7-week-old male Lewis rats 

were randomly assigned to 4 groups (n=6 in each group) receiving intravenous MSCs or saline 

injection at day (D)9 with/without subcutaneous EVR from D0 to D14. A fluorescence-

activated cell sorting analysis of circulating Tregs was performed at D0, D14 and D28. In a 

second set of experiment, 30 Lewis rats were randomized in 3 groups 48 hours after LTx with 

a DA rat liver: EVR (subcutaneous for 14 days), MSCs (intravenous injection at post-operative 

day 2 and 9), or both EVR and MSCs. Rejection of the liver graft was assessed by repeated liver 

tests, histology and survival. Three rats of each group were sacrificed at D9 for histological 

analysis and At POD23 the living remaining rats of each group were sacrificed for laboratory 

tests and histological analysis. 

In the first part of this study, the percentage of CD4+ CD25+ FoxP3+ Tregs amongst CD4+ 

CD25+ cells measured in each group was not statistically different. In the Control group, the 

percentage of FoxP3+ Tregs at D14 and D28 remained stable without statistical difference 

between these timepoints. In both the MSC Group and the MSC+EVR group, the percentage 

of FoxP3+ Tregs had significantly increased by D14 from their baseline rate and this increase 

was even greater at D28 in both groups. In the EVR Group, FoxP3+ Treg percentage showed a 

slight but significant increase at D14 but not at D28. Individually, MSC infusion and EVR 

promoted Treg expansion in rats, and EVR had no negative impact on Treg expansion in 

combination with MSCs.  In the second part of this work, survival of liver transplanted rats 
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receiving EVR with (LTx-MSC+EVR) or without (LTx-EVR) was 100% and 86% respectively at 

D23. Rats treated with MSCs alone (LTx-MSC group) showed a high mortality rate, with no 

surviving rats at the end of the experiment, and with a median survival of 15 days [12- 15] 

(P<0.001). Pre-operative laboratory kidney and liver tests were similar in the three LT-groups. 

At POD9, rats from the LTx-MSC group showed signs of acute rejection with major cytolysis. 

Rats from the LTx-EVR group and LTx-MSC+EVR group had only slightly increased liver test 

results. On D16 only one rat from the LTx-MSC group remained alive for biological analysis 

and revealed extremely high cytolysis. AST and ALT levels were slightly increased in the LTx-

EVR and LTx-MSC+EVR groups on D16 and on D23 without any significant differences between 

these groups. On D23 no rat remained alive in the LTx-MSC group. On D9 the rats in the groups 

receiving EVR (LTx-EVR and LTx-MSC+EVR groups) showed histological signs of moderate 

acute rejection with both a median Banff score of 5/9 and mild fibrosis (F1), while conversely, 

those treated with MSCs alone (LTx-MSC group) showed histological signs of severe acute 

rejection with a median Banff score of 9/9 and severe fibrosis (F3). At D23 the median Banff 

score was similar in the sacrificed rats of the LT-EVR and LT-MSC +EVR groups (5/9). Liver 

fibrosis was also similar, with a median lower than F1 in both groups. On D9, rats receiving 

MSC (LTx-MSC and LTx-MSC+EVR groups) seemed to have a higher, but not statistically 

significant, count of FoxP3+ cells in the graft when compared to rats of the LTx- EVR group. At 

D23 the number of Tregs in the liver graft was comparable in the LTx-EVR and in the LTx- 

MSC+EVR groups (P>0.99). 

In conclusion, despite a significant increase of the percentage of circulating Tregs after 

one injection of MSCs, MSCs were not effective in preventing severe acute rejection in our LTx 

model. In addition, no effect of the association of MSCs with EVR was found, when compared 

to EVR alone. EVR alone could significantly alleviate acute rejection, showing a stable level of 

rejection even one week after its final administration. Furthermore, the addition of MSCs had 

no observable positive synergistic impact on acute rejection treatment, or prevention, when 

compared to EVR alone. However, it is possible that MSC injections closer to LTx time, and a 

longer follow-up, would reveal some differences in graft survival and tolerance induction. 

Given these results, the association of EVR and MSCs in SOT deserves further investigation. 
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Introduction: Mesenchymal stromal cells (MSCs) have particular properties that are of
interest in organ transplantation, including the expansion of regulatory T cells (Tregs), a key
factor in transplant tolerance induction. However, the most effective immunosuppressive
drug to associate with MSCs has yet to be defined. Additionally, the impact of the
association of everolimus with MSCs on Treg expansion, and on the induction of liver graft
tolerance, has never been studied. The aim of this study was to evaluate the effects of
MSCs in combination, or not, with everolimus on Treg expansion and in a model of
rejection after liver transplantation (LT) in the rat.

Methods: Firstly, 24 Lewis rats were assigned to 4 groups (n=6 in each group) receiving
intravenous MSCs or saline injection at day (D)9 with/without subcutaneous everolimus
from D0 to D14. Analysis of circulating Tregs was performed at D0, D14 and D28. In a
second set of experiment, 30 Lewis rats were randomized in 3 groups 48hours after LT
with a Dark Agouti rat liver: everolimus (subcutaneous for 14 days), MSCs (intravenous
injection at post-operative day 2 and 9), or both everolimus and MSCs. Rejection of the
liver graft was assessed by liver tests, histology and survival.

Results: Individually, MSC infusion and everolimus promoted Treg expansion in rats, and
everolimus had no negative impact on Treg expansion in combination with MSCs.
However, in the LT model, injections of MSCs two and nine days following LT were not
effective at preventing acute rejection, and the combination of MSCs with everolimus failed
to show any synergistic effect when compared to everolimus alone.

Conclusion: Everolimus may be used in association with MSCs. However, in our model
of LT in the rat, post-transplant MSC injections did not prevent acute rejection, and the
association of MSCs with everolimus did not show any synergistic effect.
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1 INTRODUCTION

Mesenchymal stromal cells (MSCs) are a heterogeneous
population of fibroblast-like cells which have been defined by
the International Society for Cellular Therapy (1). They can be
isolated from various tissues, including bone marrow (2, 3). MSCs
have been used in many fields, including solid organ
transplantation (SOT), in which they are considered to be a
promising cell therapy. In vitro and in vivo experiments have
demonstrated that MSCs have interesting immunomodulatory
properties (4–6), combined with beneficial effects on ischemia-
reperfusion injury and on tissue/organ repair (7). One of the most
favorable effects of MSCs in SOT could be their capacity of
inducing the expansion of CD4+ CD25+ FoxP3+ regulatory T
cells (Tregs) (6, 8). Indeed, increased levels of circulating Tregs in
peripheral blood have been identified as a key factor in inducing
transplant tolerance after SOT (9). Still, despite encouraging pre-
clinical data, preliminary clinical studies using MSC therapy in
SOT patients have shown inconsistent results, including after liver
transplantation (LT) (4, 10, 11). The immunosuppressive drugs
(ISDs), necessarily combined withMSC infusion, probably explain
in part the controversial observations ofMSC therapy in SOT (10).
In vitro, high doses of calcineurin inhibitors (CNIs) have been
shown to be toxic for MSCs and to antagonize their
immunomodulatory properties (12). In vivo, CNI effects on
MSCs have been variable, sometimes promoting, sometimes
antagonizing MSC function (13), while Treg function and
proliferation have been inhibited by CNIs both in vitro and in
vivo (14, 15). In a recent clinical trial our group failed to find any
difference in Treg levels in LT recipients receiving MSCs when
compared to a control group (16). Amongst the other available
ISDs that are clinically used in SOT, mammalian/mechanistic
target of rapamycin (mTOR) inhibitors, i.e. rapamycin (sirolimus)
and everolimus, inhibit mTOR complexes. This leads to the
blockade of T-cell progression in response to growth factors or
cytokines, thereby limiting T-cell proliferation (17). In vitro,
rapamycin inhibits MSC proliferation and antagonizes its
inhibitory effect (18). However, in contrast to what has been
observed in vitro, the in vivo combination of MSCs and rapamycin
has been shown to promote graft tolerance in cardiac or islet
allograft models (19, 20). However, such an immunosuppressive
association has never been tested in a LT model.

The “ideal” ISD to be associated with MSCs in SOT has not yet
been defined, and the impact of everolimus in association with
MSCs on Treg expansion and on the establishment of liver graft
tolerance has never previously been studied. Given that bothMSCs
and everolimus appear to have a positive impact on Tregs, their
association deserves to be investigated. The aim of this study was to
evaluate the effects of MSC injections in combination, or not, with
everolimus, on Treg expansion and to test the hypothesis that this
association prevents acute rejection in a LT model in the rat.

2 MATERIAL AND METHODS

All experimental procedures were approved by the Animal Ethics
Committee of the University of Liege, Belgium (Protocol

number #1957). All animals received humane care according to
the criteria outlined in the “Guide for the Care and Use of
Laboratory Animals” prepared by the National Academy of
Sciences and published by the National Institutes of Health (NIH
publication 86-23 revised 1985). The authors followed the
institutional and national guidelines for the care and use of
laboratory animals. All rats were purchased from Janvier Labs (Le
Genest-Saint-Isle, France). All invasive procedures were performed
under anesthetic gas (isoflurane), and prevention of post-operative
painwas achievedwith a dose of buprenorphine (0.05mg/kg) at the
end of each procedure. Rats had access towater and food ad libitum
throughout the duration of the experiment.

2.1 Everolimus Administration
Everolimus (E-4040, LC Laboratories, MA) was administered
through a subcutaneous (sc) osmotic pump (#2002, Alzet,
Cupertino, CA). It had previously been dissolved in a mixture
containing 50% dimethyl sulfoxide (Sigma-Aldrich, MO), 40%
propylene glycol (Fagron, Rotterdam, The Netherlands) and 10%
absolute ethanol (VWR, PA), to obtain a solution with an
everolimus concentration of 4.17mg/mL. 250µL of this solution
was then used to fill each osmotic pump. After sc implantation
the pump delivered the solution at a constant flow of 0.5µL/h for
14 days, as defined by the manufacturer’s specifications,
corresponding to a dose of everolimus of 0.25mg/kg/day. In
the groups not receiving everolimus, the pumps were filled with
the same mixture but without the addition of everolimus
(placebo). To implant the pump a shaved and washed site
posterior to the scapula was incised, and a sc pocket was
created with the aid of a hemostatic clamp before insertion of
the filled pump. The wound was then closed with sutures.

2.2 Isolation, In Vitro Expansion and
Identification of MSCs
The protocol of isolation, culture and identification of bone
marrow-derived MSCs from Lewis rats was performed according
to our previously reported protocol (21). In brief, bone marrow
was collected by flushing femurs and tibias of 10-week-old
inbred Lewis rats. The bone marrow was then homogenized in
Phosphate-Buffered Saline (PBS, Lonza) + 2% fetal bovine serum
(FBS, Lonza) before being filtered and centrifuged twice. Cells
were cultured in 75cm2 culture flask (Falcon) with DMEM
supplemented with 10% FBS, 1% penicillin (Lonza) and 1% L-
Glutamin (Lonza). Cells were cryopreserved before the third
passage. When needed, cells from 3 donors were thawed in a
water-bath at 37°C, centrifuged and re-suspended together in
DMEM culture medium. MSC were cultured at 37°C in a
humidified 5%CO2 incubator. Supplemented DMEM was
changed twice a week. Cells were split in two culture flasks
when they reached 80% of confluency. Phenotyping was
performed twice: before cryopreservation and before i.v.
injection. The cells were adherent to plastic and presented
fibroblast-like morphology. MSC positive markers were
evidenced by flow-cytometry, using APC-conjugated anti-rat
CD90 (BD Pharmingen) antibody and AlexaFluor-conjugated
anti-rat CD29 antibody (BD Pharmingen). MSC were negative
for V450-conjugated anti-rat CD45 (BD Horizon) antibody,
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MSC were negative for PE-conjugated anti-CD79a (abcam)
antibody and for FITC-conjugated anti-rat CD11b (BD
Pharmingen) antibody. The ability of MSC to differentiate into
adipocytes, osteoblasts and chondroblasts lineages was
demonstrated by positive staining for Oil Red O, Alizarin Red,
and toluidine blue, respectively. In addition, the differentiation
status into adipogenic (FABP4/DAPI), chondrogenic (Aggrecan/
DAPI) and osteogenic (Osteocalcin/DAPI) lineages by
immunofluorescence was confirmed using a commercial kit
(R&D systems, #SC020, USA) (Supplementary Figure 1).

2.3 MSC Administration
Trypsin - Ethylenediaminetetraacetic acid (EDTA) was used to
detach MSCs from the culture flasks. Cells were then centrifuged
in DMEM cell culture media at 500G for 5 minutes (min) and
counted using a Thoma chamber. MSC were used only before the
fifth passage. The required number of cells was resuspended in
1ml of pre-warmed saline and slowly injected through the penile
vein of the rat. Rats not treated with MSCs received an equal
volume of pre-warmed saline.

2.4 Experimental Design
The first part of the experiment aimed at studying the efficiency
of MSCs and of the combination of MSCs with everolimus in
promoting Tregs. Twenty-four 7-week-old male Lewis rats were
randomly assigned to 4 groups (Figure 1): MSC+EVR group
(n=6), received the association of sc everolimus from D0 to D14
and intravenous (iv) MSC injection (3.106cells/kg) at D9; MSC
group (n=6), received placebo administration sc from D0 to D14
and iv MSC injection (3.106cells/kg) at D9; EVR group (n=6),

received everolimus sc from D0 to D14 and iv saline injection at
D9; Control group (n=6), received placebo sc from D0 to D14,
and iv saline injection at D9.

A fluorescence-activated cell sorting (FACS) analysis of
circulating Tregs was performed at D0, D14 and D28. 250µL
of whole blood was obtained in an EDTA tube (BD Microtainer
K2E tubes, 365975) at D7, D14, D21 and D28 post-pump
implantation to monitor everolimus blood levels (Figure 1).
Samples were analyzed using an UHPLC-MS/MS Acquity®

analyzer (Waters, #186002350).
In a second part, the association of MSCs and everolimus was

tested in a rat LT model. Accordingly, 10-week-old Dark Agouti
male rats and 8-week-old Lewis male rats were used as liver
donors and recipients, respectively. A non-arterialized
orthotopic LT model in a rat was established using a modified
Kamada’s two-cuff technique with adapted 3D-printed
instruments and cuffs generated with a Form2 3-D printer
(Formlabs, MA, USA) (22, 23). Directly following surgery, the
rats were kept during 1 hour in an intensive care unit (Vetario,
UK) with an O2-, temperature- and humidity- controlled
environment. 48 hours after LT the rats were randomized in
one of the three experimental groups (Figure 2) as follows:

• LT-EVR group (n=10): sc everolimus (0.25mg/kg/day) from
post-operative day (POD) 2 to POD16 and iv saline injection
(1ml through the penile vein) at POD2 and POD9.

• LT-MSC group (n=10): sc placebo from POD2 to POD16 and iv
MSC injection (3.106 cells/kg) at POD2 and POD9.

• LT-MSC+EVR group (n=10): sc everolimus from POD2 to POD16
and iv MSC injection (3.106 cells/kg) at POD 2 and POD9.

FIGURE 1 | Evaluation of the effect of MSCs and everolimus on Treg proliferation (experimental design). Pumps were implanted at D0 and functioned for 14 days.
One injection of MSCs or saline was performed at D9. Everolimus blood levels were monitored once a week (orange arrows); Treg blood levels were measured by
flow cytometry on D0, D14 and D28 (purple arrows). D, day; EVR, everolimus; MSC, mesenchymal stromal cell; Treg, regulatory T cells.
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2.5 Liver and Renal Function
Measurements and Histological Analysis
In each LT-group (Figure 2), blood samples were taken through the
rat tail vein at 4 time points: just before LT (D0), POD9, 16 and 23, in
order to measure the serum levels of creatinine, alanine
aminotransferase (ALT), aminotransferase (AST) and total bilirubin.

At POD 9, 3 rats from each group were sacrificed for liver
histological analysis. At POD23 the living remaining rats of each
group were sacrificed for laboratory tests and histological
analysis. Liver tissue was obtained for pathological examination
after animal sacrifice (Figure 2). To determine Banff score and
fibrosis score (METAVIR), samples were fixed in 10% formalin,
embedded in paraffin, sliced into 5µm-thick sections and stained
with Hematoxylin and Eosin (H&E) or Masson’s trichrome. A
liver pathologist (N.B.) blindly examined the H&E-stained slices
and trichrome-stained slices for Banff score and for fibrosis score
(METAVIR) grading, respectively (24). To visualize FoxP3
positive cells in the graft, liver samples were fixed in
paraformaldehyde 4% for 24 hours and then embedded in
paraffin. Sections (5µm) were dewaxed and then gradually
hydrated before immunohistochemistry and were subjected to
antigen retrieval EDTA buffer (Dako, #S2367). Endogenous
peroxidase activity was blocked with 3% hydrogen peroxide
(Merck 30%, #107209) for 20 min at RT. Non-specific binding
was constrained by incubation for 10min with protein block
reagent (Cell Signaling Technology, #15019L). Then, sections
were incubated for 60min at room temperature with primary
antibodies: Rabbit anti FoxP3 (ABCAM# 215206 1/250 in
diluent Dako#S3022). After washing, sections were incubated
for 30 min with secondary antibodies (Envision anti-Rabbit/
HRP, Dako #K4003), and subsequently washed and exposed to
horseradish peroxidase for 30min. Immunoreactivity was
detected using 3,3′-Diaminobenzidine (Dako #K3468). N.B.
blindly counted the number of FoxP3+ cells at 40x
magnification in three high power fields from the graft sections.

2.6 Treg Flow Cytometry Analysis
Cells were harvested from whole blood samples and FACS was
performed using 3 fluorochrome-conjugated antibodies: i)
fluorescein-conjugated anti-CD4 (R&D, #967211) ii) Ra PE-
conjugated anti-CD25 (R&D, #968436) iii) Alexa Fluor-
conjugated anti-FoxP3 (R&D, #968435). Beforehand, a red
blood cells lysis buffer (eBioscience, #00433357) was used to
remove Red Blood cells from the whole blood samples. A FoxP3/
transcription factor permeabilization buffer (R&D, #43481) was
used for nuclear permeabilization before incubation with anti-
FoxP3 antibody. Flow cytometry was performed on an
FACS Canto II flow cytometer to evaluate cell fluorescence.
Obtained data were analyzed using FACS Diva software (BD,
San Jose, CA). Percentages of FoxP3+/CD4+CD25+ cells and of
FoxP3+/CD4+ total cells were calculated. Fluorescence Minus
One Control was defined for FoxP3 using an isotype control.
Gating strategy is given in Supplementary Figure 2.

2.7 Statistical Analysis
Data are presented as median [P25-P75]. GraphPad Prism version
7.00 Software (San Diego, CA) was used for statistical analysis. A
p-value <0.05 was considered as statistically significant. Kruskal-
Wallis test, Mann-Whitney test or Wilcoxon test was used when
appropriate. Graft survival was analyzed with the Kaplan-Meier
method using the log-rank (Mantel-Cox) test.

3 RESULTS

3.1 Everolimus Can be Efficiently Delivered
in Rats via a Subcutaneous Osmotic Pump
In the EVR group and MSC+EVR group, everolimus was
efficiently delivered in all rats (with no significant difference
between these groups) (Figure 3). With a sc delivery of 0.25mg/
kg/day, the concentration of everolimus measured in the blood at

FIGURE 2 | Evaluation of the association of MSCs and everolimus in a liver transplantation model (experimental design). (EVR, everolimus; LT, liver transplantation;
MSC, mesenchymal stromal cell; POD, post-operative day; TWI, time without immunosuppression -1: first post-operative 48h, -2: from POD16 to POD23 (end of
experiment); Red arrow, blood analysis; Brown arrow, histological analysis).
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D7 was 8.43µg/L [4.13-10.73] in the Evero group and 7.19 µg/L
[5.01-8.08] in the MSC+Evero group (P= 0.39). At D14 it was
6.84 µg/L [4.24-9.64] and 4.49 µg/L [2.92-7.28] in the Evero
group and in the MSC+Evero group, respectively (P= 0.24). At
D21 the blood concentration of everolimus was close to 0 µg/L in
all rats (Evero group: 0.76 µg/L [0-1.95]; MSC+Evero group: 1.18
µg/L [1.07-1.29]; P >.99) and at 0 µg/L in all rats at D28. Blood
levels of everolimus were undetectable at all timepoints in the
placebo group.

3.2 MSC-Induced Treg Expansion Is Not
Inhibited by Everolimus Adjunction
The percentage of CD4+ CD25+ FoxP3+ Tregs amongst CD4+

CD25+ cells measured in each group was not statistically
different in the 4 groups at D0 with 1.97% [1.33-6.47] in the
Control group, 0.84% [0.24-3.33] in theMSC group, 0.89% [0.58-
2.16] in the Evero group and 0.34% [0.24-1.26] in theMSC+Evero
group; (p=0.08). In the Control group, the percentage of FoxP3+
Tregs at D14 (1.01% [0.68-2.49]) and D28 (3.74%[2.03-6.07])
remained stable without statistical difference between these
timepoints. In both the MSC Group and the MSC+Evero
Group, the percentage of FoxP3+ Tregs had significantly
increased by D14 from their base rate (6.79% [5.06-7.21] and
1.91% [1.52-3.39] respectively) and this increase was even greater
at D28 in both groups (15%[13.1-15.8] and 20% [19.2-23.1]
respectively). In the Evero Group, FoxP3+ Treg percentage
showed a slight but significant increase at D14 (2.41% [1.08-
3.75] but not at D28 (1.25% [0.76-2.58]) (Figure 4).

3.3 MSCs Alone Are Not Effective in
Preventing Acute Rejection
3.3.1 Survival Time of Transplant Recipients
Thirty liver-transplanted rats were randomized in 3 groups
(n=10/group) on POD2 (Figure 2). The weight of rat donors
and recipients, operative- and clamping-times in addition to

total ischemia time were comparable in the three groups
(Supplementary Table 1).

As presented in Figure 5, 100% and 86% of the rats of the LT-
MSC+EVR and LT-EVR groups, respectively, were alive and
euthanized at POD23 (after exclusion of the rats sacrificed on
POD9). Rats treated with MSCs alone (LT-MSC group) showed a
high mortality rate, with no surviving rats at the end of the
experiment, and with a median survival of 15 days [12-
15] (P<0.001).

3.3.2 Liver Tests and Histological Observations of
Transplanted Rats
Pre-operative laboratory kidney and liver tests were similar in the
three LT-groups (Figure 6). At POD9, rats from the LT-MSC
group showed signs of acute rejection with major cytolysis: AST
and ALT levels of 793 U/L [403.5-1425] and 210 U/L [138-
343.5], respectively (Figure 6). Rats from the LT-EVR group and
LT- MSC+EVR group had only slightly increased liver test results
with AST levels of 130 U/L [118-164] and 126 U/L [109.5-219],
respectively, and ALT levels at 58 U/L [55-84.5] and 65 U/L [50-
74.5], respectively (Figure 6). On POD16 only one rat from the
LT-MSC group remained alive for biological analysis and
revealed extremely high cytolysis (AST and ALT at 8702 and
2162 U/L, respectively). AST and ALT levels were slightly
increased in the LT-EVR and LT- MSC+EVR groups on POD
16 (AST: 206 U/L [156.5-504] and 155U/L [126-180]
respectively, P=0.06; ALT: 83 U/L [58.2-153.5] and 68 U/L
[48-84] respectively, P= 0.29) and on POD 23 (AST: 191.5 U/L
[134.8-247.5] and 170 U/L [123-217] respectively, P=0.8; ALT:
86 U/L [57.2-110.3] and 71 U/L [68-97] respectively, P= 0.73)
without any significant differences between these groups. On
POD23 no rat remained alive in the LT- MSC group.

Three rats from each group were sacrificed on POD9 in
addition to all the living rats of each group on POD23, in order to
evaluate the severity of acute rejection and fibrosis (Figure 7) as
well as the presence of Treg cells in liver allografts (Figure 8). On

FIGURE 3 | Evolution of everolimus blood concentration. In the 2 groups (n = 6/group) receiving everolimus with osmotic pumps, the drug could be efficiently
delivered with a statistically increased concentration during 14 days. Plots display the median (25th and 75th percentiles) of the distributions (boxes), and whiskers
extend to the minimal and maximal values. There was no statistical difference between the groups at any time point (Mann-Whitney test). (D, Day; EVR, Everolimus ;
MSC, mesenchymal stromal cells).
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POD9 the rats in the groups receiving everolimus (LT-EVR and
LT- MSC+EVR groups) showed histological signs of moderate
acute rejection with both a median Banff score of 5/9
(Figures 7A, B) and mild fibrosis (F1) (Figures 7C, D), while
conversely, those treated with MSCs alone (LT-MSC group)
showed histological signs of severe acute rejection with a
median Banff score of 9/9 (Figures 7A, B) and severe fibrosis

(F3) (Figures 7C, D). At POD23 the median Banff score was
similar in the sacrificed rats of the LT-EVR (n=6) and LT-MSC
+EVR (n=6) groups (5/9) (Figures 7E, F). Liver fibrosis was also
similar, with a median lower than F1 in both groups (Figures 7G,
H). On POD9, rats receiving MSC (LT-MSC and LT MSC+EVR
groups) seemed to have a higher, but not statistically significant,
count of FoxP3+ cells in the graft (76 [35-49] and 81 [17-82]
FoxP3+ cells/3HPF respectively) when compared to rats of the LT-
EVR group (46 [35-49] FoxP3+ cells/3HPF) (Figure 8A). At
POD23 the number of Tregs in the liver graft was comparable
in the LT-EVR (89.5 [35-117] FoxP3+ cells/3HPF) and in the LT-
MSC+EVR groups (92 [76-128] FoxP3+ cells/3HPF)
(P>0.99) (Figure 8B).

4 DISCUSSION

MSCs, thanks to their immunomodulatory properties including
their positive effect on Treg cells, have given rise to a therapy that
is a promising approach in the field of SOT (6). In this study we
confirmed that MSC infusion promotes Treg expansion in rats,
and we additionally showed that everolimus might have a
transient positive impact per se on the circulating Treg
percentage. More interestingly, we found that everolimus has no
negative impact on Treg expansion when combined with MSCs.
Nevertheless, in a LT model in the rat we observed that MSC
injections alone were not effective in preventing acute rejection,
and additionally that combining MSCs and everolimus failed to
show any synergistic effect when compared to everolimus alone.

Our team has recently reported on two phase I-II clinical
trials investigating the effect of MSCs in kidney and liver
transplantations (11, 16, 25). In these two studies, and in other
reported cl inica l tr ia l s , the effect of MSCs as an
immunosuppressive therapy are encouraging but the results
remain inconstant and thus not yet clinically relevant (6). A
predominant role among the various factors incriminated in this
inconstancy may be the alteration of MSC and Treg functions
due to the associated ISDs. In this perspective, it is important to
note that the majority of clinical trials investigating the effect of
MSCs in SOT have used a concomitant “class ica l
immunosuppressive regimen” with CNIs as the central ISDs
(4). The dilemma that has emerged relates to the probable CNI
toxicity against Treg proliferation and function. Interestingly, it
has been reported in an animal model that Tregs injected after
LT could induce tolerance (26), and many clinical trials studying
Treg injections after SOT have shown encouraging data pointing
to the same conclusion - even if these studies were focused on
safety (9). It therefore seems logical to try to reduce the ISDs that
could impair the immunoregulatory functions of Tregs.
Furthermore, CNIs may impair MSC functions (12–15).
Therefore, MSC-based therapy requires additional pre-clinical
investigations to define the best synergistic “MSC-compatible”
ISDs. Meanwhile, mTOR inhibitors are an alternative ISD
regularly used after SOT to replace or minimize CNIs,
especially in cases of malignancies or of CNI-related renal
toxicity (27). In contrast to what has been observed with CNIs,
mTOR inhibitors have been shown to have a positive effect on

FIGURE 4 | Evolution of CD4+ CD25+ FoxP3+ Treg percentage. Evolution of
the FoxP3+ cells among CD4+CD25+ percentages in each group (each line
represents a rat). Rats of the Control group kept a stable percentage of
circulating Tregs until D28 (insignificant, NS, P=0.43) as well as EVR group
(P=0.052). An important and significant expansion of FoxP3 percentage until
D28 was observed in the rats of both the MSC group (***, P= 0.0001) and of
the MSC+EVR group (**, P= 0.0017). The Friedman test was used for
statistical analysis. Of note, when compared to D0, a slight but significant
increase in the FoxP3+ Tregs percentage was observed in the EVR group at
D14 (*, P=0.03, Wilcoxon test). (D: Day; EVR: Everolimus; MSC:
mesenchymal stromal cells).
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Treg function/proliferation in pre-clinical and clinical studies
(14, 15, 28, 29) including in LT (30). Nevertheless, some in vitro
data have suggested that rapamycin could be deleterious for MSC
proliferation and immunomodulatory properties, while in vivo
MSCs and rapamycin synergize to promote graft tolerance in
allograft rejection models (19, 20).

In this work, our first aim was to observe the effect of a single
dose of MSCs with EVR on the percentage of Tregs in blood and
subsequently weigh up the effectiveness of this association in
preventing acute rejection in a LT model.

Firstly, we were able to demonstrate that EVR, despite its very
poor solubility in water, could be efficiently and reproducibly

delivered through a sc osmotic pump to rats. As EVR is
metabolized by the liver, levels of EVR in the blood of LT rats
are probably different than those of non-LT rats. However, the
specific purpose of the first part of this work was to confirm the
effectiveness of EVR delivery with osmotic pumps, not to compare
pharmacokinetics in these two populations, which would have
meant adding blood sampling in liver transplanted rats.

Our study further confirmed that MSCs significantly increase
circulating CD4+CD25+FoxP3+ Treg percentage in Lewis rats.
This effect was observed 5 days after the injection and persisted
for more than 2 weeks thereafter. This increment in Treg
percentage after MSC administration has already been

FIGURE 5 | The Kaplan-Meier survival curve of liver transplant recipients. Kaplan-Meier survival curves for the LT-EVR, LT-MSC and LT-MSC+EVR groups. The
survival rates for the LT-EVR and LT-MSC+EVR groups were significantly higher than those of the LT-MSC group. All rats of the LT-MSC group died between post-
operative day 6 and 17; Graft survival was analyzed with the Kaplan-Meier method using the log-rank (Mantel-Cox) test. (***P < 0.001; LT, liver transplanted rat; EVR,
Everolimus; MSC, mesenchymal stromal cells).

FIGURE 6 | Levels of creatinine, total bilirubin, aspartate aminotransferase (AST) and alanine aminotransferase (ALT) in the blood at D0, post-operative 9, 16 and 23
in recipients after liver transplantation. Plots display the median (25th and 75th percentiles) of the distributions (boxes), and whiskers extend to the minimal and
maximal values. The Kruskal-Wallis test followed by Dunn’s multiple was used when comparing three groups, and the Mann-Whitney test was carried out when
comparing just two groups at a timepoint. At D0 n = 10 per group, at D9 n = 9/9/10, at D16 n = 9/1/10 and at D23 n = 9/0/10 for LT-EVR/LT-MSC/LT-MSC+EVR
groups, respectively. (*P < 0.05, **P < 0.01 ***P < 0.001; ns, P > 0.05; ALT, alanine aminotransferase; AST, aminotransferase; D, Day; EVR, Everolimus; MSC,
mesenchymal stromal cells; POD, post-operative day).
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FIGURE 7 | Histological analysis.(A) H&E staining of liver graft and, (B) histological grading of liver graft acute rejection severity using Banff schema at D9 post-LT;
(C) Masson’s trichrome staining highlighting liver graft fibrosis lesions (D) Histological grading of liver graft fibrosis severity with METAVIR score at D9 post-LT; (E)
H&E staining of liver graft and, (F) histological grading of the severity of acute liver graft rejection using Banff schema at D23 post-LT; (G) Masson’s trichrome staining
highlighting liver graft fibrosis lesions and (D) histological grading of liver graft fibrosis severity with METAVIR score at D23 post-LT. [*P < 0.05; (B, D) Kruskal-Wallis
test; (F, H) Mann Whitney test; scale bars = 100 µM (A, E, G), 500µM (C)].

A B

FIGURE 8 | Treg infiltration in the liver graft. Number of FoxP3+ cells at 40x magnification (per three high power fields) by examining graft section of each group
after immunohistochemistry on POD 9 (A) and at the end of the experiment (B).
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documented in other pre-clinical studies (6, 31). In addition, rats
from the MSC+Evero group showed a comparable increase in
Treg percentage. Concurrently, everolimus alone had a positive
impact on Treg expansion by 14 days. This finding suggests that
everolimus may have a beneficial effect on Treg proliferation, but
only while it is being administered, since the percentage of
circulating Tregs returned to baseline at D28. Gedaly et al.
have recently shown that mTOR inhibitors could be used to
expand ex vivo functionally competent Tregs for clinical use (32).
On the same subject, in clinical kidney transplantation it has
been observed that recipients under rapamycin maintenance
have increased circulating Treg levels compared to patients
receiving cyclosporine (29). Another team recently confirmed
these observations in LT recipients who showed increased Treg
levels after being switched from tacrolimus to mTOR inhibitors
(30). Additionally, a recent paper reported the results of a phase
Ib trial studying the effect of 2 MSC infusions 6 months after
kidney transplantation followed by a lowering of tacrolimus in
combination with everolimus and prednisolone, but no effect on
Treg levels or function could be found in this study (33). The
mechanisms through which everolimus interacts with MSCs and
Tregs was not investigated in this study. Importantly, it is not
possible in this study to identify whether the MSC or everolimus
are causing expansion of Tregs or deletion of other T cells as we
evaluated Treg percentages rather than absolute number. Of
note, it was shown that rapamycin does not directly promote
Treg expansion, and that the positive effects of mTOR inhibitors
on Tregs was probably due to selective inhibition having a
greater action on conventional T-cells rather than on Tregs.
This consequently leads to a “Treg-favoring” effect with an
increase in circulating Tregs (14). Nonetheless, the different
mechanisms for MSC-mediated effects on Tregs are likely to be
complex and remain incompletely understood (6).

Based on these primary findings, we then tested the
association of MSCs with everolimus in a LT model of acute
rejection. Insufficient data are available in pre-clinical
transplantation models studying the association of mTOR and
MSCs. Studies have been carried out in heart (19) and in
pancreas islet (20) transplantation models but none in a LT
model. In this study we used a well-described model of acute
rejection of liver graft in rats using Dark Agouti as donors and
Lewis rats as recipients. Circulating levels of Treg in liver
transplant recipient were not assessed in the present study.
Nevertheless, in another pre-clinical study in rats, Wang et al.
showed that peripheral Treg percentages were significantly
higher in liver transplant recipient after MSC injections when
compared to recipient not injected with MSC. Although not
significant, we observed that the number of Tregs in the grafts at
7 days after the first injection tended to be greater in those of rats
receiving MSCs, but this was not confirmed at the end of the
experiment. The evaluation of the circulating and intragraft
levels of other immune cells subsets known to play an
important role in MSC-mediated immunoregulatory properties
(such as NK cells, CD8+ T cells, B cells, etc.) would have
probably been interesting in the present study. Furthermore,
two post-operative MSC injections in the LT-MSC group
(without ISDs) were not an effective treatment to prevent

severe acute rejection, and in this group all the rats died
prematurely in comparison to rats receiving everolimus. In
contrast to our results, some other studies using the same LT
model have shown that MSCs alone could significantly prolong
graft survival, and prevent rejection when compared to the
survival of recipients not receiving any treatment (34, 35). In
these studies injected MSC doses were either higher (36) or lower
(34) than in our protocol, but more relevantly, MSCs were
injected through the portal vein during the transplantation
procedure whereas we injected cells intravenously through
the penile vein on POD2 and 9. This highlights the fact
that the timing and site of the injection are probably key
points in achieving MSC efficiency, and that injection closer
to the time of transplantation and of ischemia-reperfusion
injuries is perhaps needed in order to obtain superior
immunomodulatory effects.

On the other hand, liver transplanted rats treated with
everolimus alone, or with everolimus in combination with
MSC injections, had significantly improved survival rates and
less biological or histological damage than the rats of the LT-
MSC group. No clinical, biological of histological difference was
found between these two groups and thus no effective beneficial
effect of MSC adjunction with everolimus in our model.
Interestingly, levels of acute rejection were stable even 7 days
after everolimus withdrawal. In 2018, in a model of islet allograft
in mice, Duan et al. also found, that treatment with MSCs alone
or with low-dose mTOR inhibitors was not effective in treating
acute rejection and prolonging graft survival, but that the
combination of MSCs and low-dose rapamycin could
significantly increase graft function and survival (20).
Nevertheless, in that experiment the survival of mice treated
only with rapamycin was similar to those treated with MSCs
alone, while in our study everolimus alone was effective in
significantly lessening acute rejection when compared to MSCs
alone. This might suggest that our “low dose everolimus
protocol” led to a sufficient concentration of everolimus to
alleviate acute rejection and thus conceal the potential
beneficial effect of MSC adjunction. An additional group
studied the combination of rapamycin (2mg/kg/d from POD 0
to 13) with MSCs (1 iv injection of 1x106 cells at POD 1) in a
heart allograft transplantation model (19) and found that MSCs
alone led to a reduction of graft rejection and doubled graft
survival compared to a control group. Furthermore, a
combination of MSCs and rapamycin was even able to induce
a tolerance of the graft, with long-term survival and
normal histology.

In our LT model, MSCs alone were not effective in preventing
acute rejection, and no beneficial effect of associating MSCs with
everolimus was found. Nevertheless, the synergistic effect of
MSCs with everolimus could potentially be revealed if the
timeframe from transplantation and ISD withdrawal was
extended further than in our present protocol. When
comparing other LT models to our own, MSC injections were
systematically performed earlier than in our case, but our choice
to inject MSCs at D2 was carried out in order to reproduce our
previous clinical data. Indeed, MSC injections before POD2
might be logistically difficult in a program of deceased LT (16).
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In conclusion, despite a significant increase of the percentage of
circulating Tregs after one injection of MSCs, MSCs were not
effective in preventing severe acute rejection in our LT model. In
addition, no effect of the association of MSCs with everolimus was
found, when compared to everolimus alone. Everolimus alone
could significantly alleviate acute rejection, showing a stable level
of rejection even one week after its final administration.
Furthermore, the addition of MSCs had no observable positive
synergistic impact on acute rejection treatment, or prevention,
when compared to everolimus alone. However, it is possible that
MSC injections closer to LT time, and a longer follow-up, would
reveal some differences in graft survival and tolerance induction.
Given these results, the association of everolimus andMSCs in SOT
deserves further investigation.
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CHAPTER IV. GENERAL DISCUSSION 

MSCs, thanks to their immunosuppressive properties, could have the potential to achieve 

adequate immunotolerance without excessive immunosuppression as well as to reduce IRI 

after LTx. Although animal models have shown promising results in preventing IRI and treating 

or preventing AR, the safety and efficacy of MSC therapy in humans need further validation 

before being implemented on a larger scale in LTx programs. To optimize their potential 

efficacy, careful consideration of the best combination with synergistic ISDs is required and 

need to be further evaluated in preclinical settings.  

The primary aim of this thesis was to evaluate the interest and safety of MSC therapy in 

LTx.  

In the first part of these translational investigations, we initiated the “first-in-man” 

prospective phase I-II, open label, controlled clinical study evaluating the use of MSCs after 

LTx. This study was performed at the University Hospital of Liege from 2012 to 2021 and 

resulted from a collaboration between the Department of Abdominal Surgery and 

Transplantation and the Department of Hematology. A single MSC injection after deceased 

donor LTx did not demonstrate potential adverse effects, particularly there was no increase 

in the rate of opportunistic infections and cancers. However, injecting allogeneic MSCs after 

deceased donor LTx may promote the emergence of MSC-DSAs and liver-DSAs class II in LTR. 

This topic, also described after MSC injection in KTx, deserves further investigation since our 

study included a limited number of patients. Hence, the potential benefits of MSC injections 

in the context of LTx deserve further investigations before application in clinical routine. 

Considering that the use of CNI might be deleterious for MSCs in clinical trials, the second 

part of our project, back to bench, aimed to evaluate the potential synergy of EVR on the 

immunoregulatory properties of MSC. To the best of our knowledge, the association of MSCs 

with an mTOR inhibitor had never been tested in a LTx model. We showed that a single MSC 

injection (3x106cells/kg) was able to expand circulating Tregs in rats and that this effect was 

preserved when associated with EVR. However, in our LTx rat model, two MSC injections 

(3x106cells/kg each) could not prevent AR. The association of EVR with MSCs did not bring an 

additional positive impact compared to EVR alone.  
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********* 

MSC in liver transplantation – Safety 

On the basis of a reasonable number of clinical trials in different fields of SOT, one may 

claim that MSC administration in transplant recipients is feasible and safe, at least on the short 

term[137]. Concerning the potential infusional toxicity, our study did not show any change in 

vital parameters or cytokine release syndrome during and after MSC infusion. In the week 

following MSC infusion, no patient developed clinical signs of allergy or impairment of vital 

functions (including lung, kidney and liver graft function) [238]. This is in line with other 

published data in SOT and with a meta-analysis evaluating the safety of MSCs in general, 

including in nontransplant indications [137, 239]. Nevertheless, it should be noted that a very 

small uncontrolled study reported adverse events potentially linked to MSC infusion, including 

engraftment syndrome in 2 KTRs [240]. Although such an acute kidney injury post–MSC 

injection has not been observed in larger cohorts, one should remain cautious concerning the 

timing of MSC infusion in SOT. Similarly, a transient decrease of peripheral oxygen saturation 

directly after IV MSC infusion has been reported in lung transplant recipients, which putatively 

suggests infusion-related lung toxicity [241]. 

One of the main theoretical safety concerns of MSC therapy is an increased risk of 

opportunistic infections and neoplasms. To date, the vast majority of published studies has 

not found any difference in terms of opportunistic infections in SOT recipients exposed to 

MSCs. Furthermore, MSCs associated with low-dose CNIs significantly reduced the rate of 

opportunistic infections in a Chinese study [242]. In the Italian experience, no increased 

susceptibility to infections was observed in 4 KTRs at 5/7 years post–MSC infusion [243]. By 

contrast, a Dutch team reported that 3 among 6 MSC-treated KTRs developed opportunistic 

infections [244]. In our study, no evidence of increased risk of infection was found [238, 245]. 

The theoretical increased risk of malignancies in transplanted patients may result from 

neoplastic transformation of infused MSCs, or from an increased risk of malignant tumors 

under enhanced immunosuppression of the recipient. Indeed, it has been shown that murine 

MSCs could, after long-term in vitro culture, transform into malignant cells but this has not 
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been found with human MSCs [246]. In addition to the fact that human MSCs appear to show 

a very stable genome, each batch of MSCs is evaluated for genomic stability according to Good 

Manufacturing Practice before clinical use [197, 247]. To our knowledge, no evidence of 

neoplastic transformation after clinical use of MSCs has been described to date. Concerning 

the risk of enhancing growth of de novo cancer or of recurrence (e.g. hepatocarcinoma in LTR) 

in patients exposed to MSC therapy, the different studies in SOT have not generated any 

increase in the incidence of cancer [137]. At 5 years of follow-up, despite the limited number 

of patients exposed to MSCs, our trial did not show any increased risk of cancer in patients 

treated with MSCs compared to controls [245]. Recently, Casiraghi et al. published the results 

of their randomized open-label phase Ib/IIa clinical trial in which 20 LTR were randomly 

assigned (1:1) to receive either a single pre-transplant 3rd party BM-MSC IV infusion or 

standard of care alone. Out of the 19 patients who completed the study, none of those who 

received MSCs experienced any complications related to the infusion. The incidence of both 

serious and non-serious adverse events was similar between the two groups at 1-year follow-

up [248]. This is in line with another study in KTR given MSCs in which the incidence of cancer 

was not enhanced [243]. In total, on the basis of a reasonable number of clinical trials in 

different areas of SOT, one may claim that MSC administration in SOT recipients is feasible 

and safe with regards to the risks of infections and cancer.  

MSC - Impact on immune cells 

It has been shown both in vitro and in vivo that MSCs highly depend on their 

interactions with many immune cells to mediate their immunomodulatory properties. With 

regards to the innate immune system, MSCs were for example able to influence macrophage 

differentiation, favoring a shift toward the immunosuppressive, anti-inflammatory M2 

phenotype[138, 156], to inhibit NK cell cytotoxicity and proliferation[158] and to reprogram 

DCs into a pro-tolerogenic DC phenotype [161]. With regards to the adaptive immune system, 

MSCs were shown to suppress T-cell proliferation triggered by allogeneic stimuli and to inhibit 

T-cell differentiation and cytotoxicity [161], as well as B-cell proliferation [173]. One of the 

potential major actors mediating MSC immunoregulatory properties is probably Tregs which 
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are known to be stimulated by MSCs. Tregs are a particular T-cell subpopulation inhibiting 

immunological responses and maintaining immune homeostasis and (self-)tolerance, which 

makes them of particular interest in the field of SOT to control allogeneic responses. Both in 

humans and in rodents, the classical phenotype characterizing Tregs is CD4+, CD25+ (IL-2 

receptor) and FoxP3+. In humans only, low levels of CD127 can also distinguish Tregs from 

other T cells [95, 96]. Recently, the development of modern immunophenotyping methods 

allows to classify Tregs in many subsets. For example, Treg subpopulations include HLA-DR-

CD45RA+ FoxP3low Tregs, representing resting/naive Tregs, CD45RA-FoxP3high Tregs, 

representing activated/effector Tregs, and HLA-DR+CD45RA-FoxP3low Tregs that are not 

immunosuppressive and do not secrete cytokines [97]. In mice, increased numbers of Tregs 

(CD4+CD25+FoxP3+) with enhanced CTLA4 expression facilitated tolerance towards MHC-

mismatched allografts [91]. Clinically, it has been shown that increased Tregs and FoxP3 

transcripts are associated with patients developing operational tolerance or showing low 

rejection rates [95, 99]. Monitoring of Tregs is thus of particular importance clinical trials 

evaluating the immunomodulatory properties of MSC therapy.  

In our clinical study, no difference was observed concerning white blood cell counts 

(including NK cells) between the two groups (MSC group vs control group). LTRs in the two 

groups had similar peripheral blood counts of CD4+ T cells on days 0, 30 and 90 after 

transplantation. Treg counts and phenotype (naive versus resting versus activated) were also 

comparable in the 2 groups. Additionally, Treg and conventional T-cell proliferations 

(measured by KI67 expression) were also comparable in the 2 groups, as were the levels of 

phosphoSTAT5 in Tregs (which indicate similar IL-2 signaling in Tregs) [238]. These findings 

collectively imply that T-cell and Treg counts or phenotypes were not affected by a single MSC 

infusion in our study. Among the few studies in LTx, two described a transient increase in 

circulating Tregs [231, 233] with a downregulation of Th17 cells [233]. In a recent randomized 

Italian study evaluating pretransplant MSC infusion in LTx, a slight increase in circulating Tregs, 

memory Tregs, and a tolerant subset of CD56bright NK cells has been observed in MSC-treated 

patients compared to baseline but these changes were not statistically significant when 

compared to the control group [248]. In phase I-II trials in KTx, most studies also observed an 

increase of the Treg/conventional T-cell ratios whereas the counts of NK cells were either the 

same, lower or higher [137].  
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In conclusion, our study in LTx provided no evidence that a single injection of MSCs in 

SOT recipients affects immune cells. The parameters influencing MSC effects on immune cells 

(timing, doses, origins of MSCs, associated ISDs) are still poorly understood. One possible 

explanation for inconsistency among studies is the choice of associated ISDs. Even if the 

beneficial effect of MSCs on Tregs is validated by a wealth of preclinical data, the in vivo 

influence of ISDs on this relationship between MSCs and Tregs remains to be better 

defined[249]. Indeed, in all SOT trials studying MSC therapy, CNIs were used as the main ISD 

for maintenance. Given that there is some evidence suggesting that CNIs may be toxic to both 

Tregs and MSCs, it would be interesting to consider a better ISD combination in order to obtain 

a synergistic effect and better survival/function of Tregs and MSCs in future clinical studies.  

MSC – immunogenicity and DSA 

MSCs were initially considered as “immune-privileged”, i.e. not activating allogeneic 

lymphocytes [192, 194], essentially because of their low expression of MHC class I and the 

absence of MHC class II and costimulatory molecules in vitro. Nevertheless, it has been 

demonstrated that, when stimulated (e.g. with IFN-γ), MSCs can act as APCs and express both 

MHC class I and class II molecules on their surface. The absolute immune-privileged status of 

MSCs was then questioned [195, 196]. The monitoring of MSC-DSAs after MSC therapy in SOT 

is thus of major importance in phase I clinical trials.  

The importance and impact of DSAs in the field of KTx is now well established. DSAs 

are recognized as a reliable biomarker for ABMR, which is the main reason for graft loss 

following KTx [250]. On the opposite, the impact of DSAs in LTx is still not fully understood. 

Due to the tolerogenic characteristics of the liver, which contribute to its resistance to 

antibody-mediated injuries, donor and recipient HLA matching is not currently routinely 

recommended in deceased donor LTx [251]. Nevertheless, recent data seem to suggest that 

the presence of DSAs, particularly de novo DSAs, influences liver graft outcomes with an 

increased risk of rejection and poorer graft and patient survival [42, 43]. Since class II antigen 

expression on the liver endothelium, hepatocytes, and bile ducts occurs after an initial injury 

to the allograft, class II DSAs are likely to have the greatest impact on clinical outcomes. Pre-
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formed class I DSAs typically disappear after LTx, but pre-formed class II DSAs frequently 

persist and have been associated with worse outcomes [51]. It was shown that around 8% of 

LTRs experienced de novo DSAs, almost all of them anti-class II DSAs, at 1 year posttransplant. 

De novo DSAs have been shown to be an independent risk factor for graft loss and death and 

are associated with higher risks of AR and graft fibrosis [52, 53]. 

The question of MSC immunogenicity in SOT is of great importance, a fortiori in KTx, 

but also in LTx. Comparing the prevalence of liver-DSAs in the MSC and control groups is of 

particular importance because MSC immunomodulatory properties may reduce immune 

responses against liver HLAs and thus the formation of de novo liver DSAs. On the opposite, 

to ascertain whether MSCs encourage an MSC-directed immune response in the host, the 

appearance of MSC-DSAs is also important because 1) it could indicate “rejection” and rapid 

destruction of MSCs by the host 2) it could be deleterious for the host in case of shared 

mismatch between MSC and graft donors with production of additional graft DSAs. In KTx, 

probably because of the uncertainties regarding the risk of MSCs being the cause of de novo 

MSC-DSA production (and therefore potentially of kidney-DSAs), many clinical studies have 

chosen to administer autologous MSCs (derived from the recipient). In LTx, the choice of 3rd 

party MSCs is justified by their more rapid availability for a deceased donor LTx program in 

which it would be difficult to plan the thawing and expansion of autologous MSCs in the 

peritransplant period and the uncertainties of finding a suitable donor within the required 

time frame would result to the waste of numerous MSC products. Moreover, as MSC 

availability and function may be limited by the patient’s condition, MSCs from patients with 

end-stage liver disease (autologous) might not be suitable [252]. In the literature on MSC 

therapy, despite more than 3,000 patients have been treated for various diseases, only a few 

studies report on the development of DSAs against MSC antigens. In non-transplant settings, 

various trials studying 3rd-party MSC therapy for type II diabetes, diabetic nephropathy, 

Crohn’s disease, rheumatological or cardiac diseases reported MSC-DSAs, all of class I, in 0-

37% of more than 100 patients, without clinical impact and, importantly, without impacting 

MSC efficacy [253-255].  

In KTx, our team recently reported de novo MSC-DSAs class I in only 1 out of 10 MSC-

treated recipients. Two more de novo MSC-DSAs (classes I and II) and 1 shared de novo 

kidney/MSC DSA (class II) with MFI <1500 were also detected. Nevertheless, the clinical 
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relevance of low MFI DSA is probably very low and still a matter for debate [4]. Another team 

elaborated a protocol with a matching strategy to avoid repeated mismatches between MSCs 

and kidney donors in 10 KT patients. In this study, no de novo MSCs nor kidney-DSAs were 

detected during the 6-month follow-up after MSC infusion, contrasting with our study where 

MSC-DSAs could be detected in 3 out of 10 LTR during follow-up for a total of 4 MSC-DSAs 

detected (1 of class I, 3 of class II). Of note, all anti-class II DSAs were against a shared 

mismatch (MSC+Liver), representing immunization against 60% of shared HLA class II 

mismatches. DSA appearance was not linked to long-term outcomes in our cohort [245]. 

In conclusion, the available data suggest that MSCs could elicit MSC-DSA production 

essentially of class I. Our study suggests also that in case of HLA mismatch in class II loci, 

immunogenicity could be promoted and lead to anti-class II DSAs. These observations may 

lead to reconsidering the risk of developing MSC-DSAs, as well as the necessity for a matching 

strategy, particularly in KTx but also potentially in LTx. This needs to be further investigated 

with larger cohorts. One potential solution to circumvent these immunogenicity concerns 

could be to use a cell-free strategy such as MSC-derived EVs. Nevertheless, it has also been 

mentioned from research with DCs that EVs might also carry immunogenic proteins such as 

MHC molecules and thus potentially elicit immune responses but this remains unclear at this 

stage [256].   

4.1.1 MSC efficacy 

Operational tolerance is a rare phenomenon after LTx and can only be seen in a 

minority of LTRs after a few years[69]. The potential induction of “early” operational tolerance 

in SOT and particularly in LTx is a major hope of MSC therapy. In different strategies aiming 

for tolerance and immunomodulation after SOT, it has been proposed that Tregs probably 

play a central role. Clinical studies have demonstrated a correlation between elevated 

numbers of Tregs or elevated FoxP3 transcripts and operational tolerance or low rejection 

rates [80, 84]. A study published in 2016 showed that donor-derived exogenous Treg injection 

was effective for ISD weaning and induction of operational tolerance in a majority of LTR from 

living donors [114]. Others suggested that donor alloantigen-reactive Tregs could produce 

graft-specific immunosuppression and allow weaning ISD [115]. Nevertheless, exogenous 
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Tregs are very difficult to manufacture, limiting the possibilities for large-scale patient 

treatment.  

MSCs, which can be easily isolated from many sources, have been shown to have 

particular tolerogenic properties, including their beneficial effect on Tregs demonstrated both 

in vitro and in vivo [249]. Many LTx preclinical models have shown that MSC were able to 

decrease allograft rejection and to induce tolerance [137, 217, 219].  

In KTx trials, while the largest study demonstrated a lower BPAR rate in MSC-treated 

patients, most studies did not find any difference in AR rate between MSC-treated vs control 

KTR. Although not systematically, an increase in Tregs was nevertheless observed [137]. In LTx 

studies, Shi et al. published the results of their trial comparing the effectiveness conventional 

ISDs with or without UC-MSCs for the treatment of liver allograft AR in LTR. MSC-treated 

patients presented signs of biological and histological improvement 4 weeks after infusion 

compared to controls. Circulating Tregs and Treg/Th17 ratios were significantly increased in 

MSC-treated LTR. In 2015, Soeder et al. published the first case of injection of MAPC at D0 and 

D2 after living donor transplantation associated with a CNI-free ISD regimen. They observed a 

transient increase of circulating Tregs but because of AR, CNI had to be reintroduced. Two 

more LTR were treated with MAPC (data from clinicaltrials.gov, not published), but, because 

of major events, the study was interrupted [231]. In the second part of our clinical study, we 

were unable to demonstrate any clear efficacy from MSC therapy. Ten LTR under standard ISD 

received 1.5-3x106/kg 3rd party MSCs on post-operative day 3±2, and were prospectively 

compared to a control group of 10 LTR not receiving MSC. In the MSC group, we could not 

observe any Treg expansion in the blood nor Treg infiltration of the liver graft at the month 6 

biopsy, and our attempt at gradual weaning patients from immunosuppression remained 

unsuccessful except in 1 patient [238].  

Many hypotheses could be drawn for explaining the failure of MSC to improve 

outcomes. First of all, the first aim of this phase I trial was to investigate the safety of MSC in 

the settings of LTx, and the study was not powered to demonstrate efficacy. The absence of 

detectable effects might be due to an insufficient sample size but also to the dose used (which 

could possibly be increased or repeated), timing (which could instead be, preoperative, 

intraoperative, or sooner or later postoperatively) and infusion route (which could be in the 

portal vein or hepatic artery) of the MSC infusion, MSCs being potentially trapped in the lung 
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after IV infusion [137, 182]. The choice of associated ISDs is probably of major importance too. 

It is important to underline that nearly all trials evaluating MSCs in SOT were performed in 

association with CNI-based immunosuppression, which has been shown to be potentially toxic 

for both MSCs and Tregs.     

 

********* 

The second part of our work aimed to assess the potential synergy between EVR and 

MSCs in terms of immunoregulatory properties. We demonstrated that a single MSC injection 

(3x106 cells/kg) effectively increased circulating Tregs in a rat model of LTx, and that this effect 

was maintained when combined with EVR. However, in our allograft rejection model, two MSC 

injections (3x106 cells/kg each) were unable to prevent AR after LTx. Furthermore, the 

addition of MSCs to EVR did not provide any additional positive impact compared to EVR 

alone. 

First of all, our model confirmed that MSCs are able to expand Tregs. This effect of 

MSCs on Tregs has already been documented in many other preclinical studies [249, 257]. In 

vitro, it was shown that, when cocultured with MSCs, CD4+CD25+FoxP3+ Tregs maintained a 

sustainable phenotype and function over time [257]. In our model, Treg expansion after a 

single injection of MSCs was significant and persisted more than 2 weeks thereafter. In vivo, 

it has also been suggested in a KTx model that Treg expansion was due to the homing of the 

MSCs into the spleen where they promoted Treg expansion, especially when injected before 

transplantation [208]. In our model, however, we did not label MSCs to monitor their 

distribution after IV injection. In vitro, in vivo and in clinical practice, it has been shown that 

Tregs appear to be promoted by mTOR inhibitors. For example, KTRs showed increased Treg 

numbers under rapamycin maintenance compared to those under CNIs [112]. These findings 

were subsequently corroborated by a different team in LTR who displayed elevated Tregs 

following conversion from tacrolimus to a mTOR inhibitor [113]. Because of their respective 

beneficial effect on Tregs, mTOR inhibitors and MSCs would have been expected to be 

effective (or even synergistic) in preventing allograft rejection. In our model, two injections of 

MSCs 2 and 9 days after LTx were not effective in treating/preventing severe allograft 

rejection. Nevertheless, in contrast to our observations, other studies using the same allograft 
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rejection model showed that MSCs alone may significantly prevent rejection and lengthen 

graft survival [214, 215, 217]. While injected doses of MSCs were either higher or lower than 

in our study, the difference in efficacy could be explained, in part, by the fact that, as opposed 

to our protocol, MSCs were systematically injected through the portal vein during the LTx. This 

underlines the likely crucial importance of the timing and route of MSC injection for their 

efficacy. It might thus be necessary to administer the injection closer to the time of the 

transplant and/or IRI to achieve the best immunomodulatory effects. In our model, we had 

chosen to perform repeated injections from D2 to reproduce our previous clinical experience 

(injection at D2) in which an earlier injection would be logistically difficult in a program of 

deceased donor [238]. 

In our hands, the association of MSCs and EVR did not confer any benefit when 

compared to EVR alone. This association had never been tested in a LTx model, but in a heart 

transplantation model, the association of MSCs with low-dose rapamycin significantly 

prolonged allograft tolerance while MSCs or rapamycin alone had only a comparable, minor 

effect, in increasing allograft survival [206]. The same observation was made in an islet 

allograft transplantation model [258]. The absence of a demonstrated synergistic effect in our 

protocol might be due to the fact that our "low-dose” EVR protocol led to a concentration of 

EVR that was high enough to prevent AR while masking any potential advantage of the 

adjunction of MSCs. Moreover, we suggest that the expected synergistic effect with 

development of a tolerogenic state could potentially be revealed if the timeframe from ISD 

withdrawal was extended further than in our present protocol. 
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CHAPTER V. CONCLUSION & PERSPECTIVES 

 

The present thesis studied the use of MSCs after LTx both in a prospective clinical trial 

and in a rodent model. This first prospective, controlled, trial clinical investigating the safety 

of injecting allogeneic MSCs after deceased donor LTx did not demonstrate potential adverse 

effects, particularly there was no increased rate of opportunistic infections or cancers. 

Injecting allogeneic MSCs after deceased donor LTx may promote the emergence of liver-DSA 

and MSC-DSA after LTx. This topic deserves further investigation with close monitoring of DSAs 

after LTx. The potential benefits of MSC injections in the context of organ transplantation have 

yet to be demonstrated in large randomized studies. The choice of associated ISDs is probably 

a crucial point to take into account. Moving from bed to bench-side, we showed in vivo that 

MSC and the association of EVR and MSCs could be beneficial for Treg expansion. However, in 

our LTx model, MSCs could not prevent severe AR. Additionally, when compared to EVR alone, 

there was no beneficial effect of the association of MSCs with EVR.  EVR could significantly 

reduce the risk of AR, which remained stable 1 week after the end of its administration, 

suggesting its potential tolerogenic effect. Furthermore, when compared to EVR alone, the 

addition of MSCs had no observable beneficial synergistic effect on the treatment or 

prevention of AR. However, one might consider that a longer follow-up and MSC injections 

closer to the LTx and through the portal vein may reveal some enhancement in graft survival 

and tolerance induction. In conclusion, the present contribution on MSC therapy for LTx will 

hopefully open up new research perspectives in this field. The association of EVR and MSCs 

could be a good regimen for further study given the potential beneficial effect of each therapy 

on Tregs even if MSCs were not effective on AR. Better understanding the mechanisms of 

action of MSCs will probably help to design more efficient clinical studies in SOT. 

 

 

********* 
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The perspectives of this work are multiple and many projects could originate from it. 

The first project would be to study the potential effect of MSCs on reducing IRI for marginal 

grafts. Victim of its success, the increasing number of medical indications for LTx and of 

potential candidates with a critical shortage of deceased liver donors leads to the utilization 

of more and more high-risk grafts, such as steatotic or/and DCD liver, particularly in Belgium. 

Cold static preservation, the current standard for liver preservation, insufficiently preserves 

these high-risk grafts as they are more vulnerable to IRI with higher rates of graft loss due to 

ischemic dysfunction or cholangiopathy. Recent evidence suggests that normothermic 

machine perfusion (NMP) prevents IRI and cholangiopathy in DCD livers compared to cold 

storage [259]. It has also been recently demonstrated that cells can be delivered directly into 

the liver during NMP without compromising perfusion and that MSC infusion during NMP was 

proposed as part of an “ischemia conditioning” strategy [260]. MSCs, in addition to their 

potential effect on AR/tolerance induction are known to have potential beneficial effects on 

IRI [199, 261].  The main objectives of this project would be to confirm the higher risks 

associated with DCD grafts in the LTx cohort at the University Hospital of Liege, and to test the 

hypothesis that infusing MSCs before/during/after transplantation of high-risk liver grafts 

could improve graft perfusion and function by reducing IRI. This hypothesis will be tested in 2 

preclinical models of NMP of high-risk liver grafts, using first a porcine DCD model, and then 

human DCD grafts or steatotic livers rejected for clinical transplantation. These porcine and 

human livers will be surgically divided in two, and the two parts will be simultaneously 

perfused with NMP at 37°C for 6 to 24 h, one being used as a control and the other as a MSC-

treated graft, thereby allowing pairwise comparison of control (control group) and 

experimental (MSC group) grafts (Figure 8). To this aim, our preliminary work involved 

splitting pig livers and performing portal angiography to confirm the vascular possibility of 

splitting the liver (Figure 9). The next step will be to perform cholangiography and then to test 

split livers on the NMP. In parallel, thanks to a future collaboration with the University of 

Torino, we will soon develop an EV technology and a NMP in a rodent model[262]. This will 

allow us to study the effect of EV both on IRI and in a LTx model. MSC-derived EV therapy have 

many potential advantages in terms of production, preservation and administration protocols 

and is less likely to induce allosensitization than whole MSCs [262]. Finally, a new clinical trial 

is currently being considered to evaluate the efficacy of MSC therapy after LTx in association 
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with a CNI-free (or minimal level of tacrolimus) immunosuppression protocol associating EVR 

+ MMF to favor MSC and Treg proliferation and try to create a tolerogenic environment and 

try achieve the (“prope”) tolerance of the transplanted liver.  

 

 

 

Figure 8. Upper part: Illustration of the NMP of pig split livers with or without pMSCs comparing simultaneous 
normothermic perfusion of 2 different segments of pig liver with (pMSC group) or without (control group) pig 
MSCs from the local pMSC bank already built in the surgical laboratory of ULiege. Lower part: Illustration of the 
NMP comparing the simultaneous normothermic perfusions of 2 different human split livers with (hMSC group) 
or without (control group) human clinical-grade MSCs that are available in the LTCG of the CHU of Liege (NMP 
of human split livers with or without hMSCs).  
h, hours; hMSCs, human-MSCs; min, minutes; MSC, mesenchymal stromal cell; NMP, normothermic machine 
perfusion; pMSCs, pig-MSCs 
 

Figure 9. Upper part: Picture of the anatomical split of a pig’s liver in 2 parts; Lower part: Portal angiography of 
the split liver. 
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