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A B S T R A C T

The primary challenge in organ transplantation continues to be the need to suppress the host immune system
long-term to ensure prolonged allograft survival. Long-term non-specific immunosuppression can, however,
result in life-threatening complications. Thus, efforts have been pursued to explore novel strategies that would
allow minimization of maintenance immunosuppression, eventually leading to transplant tolerance. In this
scenario, bone marrow-derived mesenchymal stromal cells (MSC), given their unique immunomodulatory
properties to skew the balance between regulatory and memory T cells, have emerged as potential candidates for
cell-based therapy to promote immune tolerance. Here, we review our initial clinical experience with bone
marrow-derived MSC in living-donor kidney transplant recipients and provide an overview of the available
results of other clinical programs with MSC in kidney and liver transplantation, highlighting hurdles and success
of this innovative cell-based therapy.

1. Introduction

The streamlining of surgical techniques and the development of
effective immunosuppressive regimens have established organ trans-
plantation as a routine practice for treatment of end-stage organ failure.
Unfortunately, the need of long-term non-specific immunosuppressive
drugs to control alloimmune response and avoid graft rejection, bur-
dens patients with increased risk of infections, malignancies, cardio-
vascular and metabolic complications [1–4]. Collective efforts have,
therefore, been done to identify and explore novel strategies that would
allow minimization of maintenance immunosuppression, limiting the
risk of serious side effects while retaining effective anti-rejection po-
tential. At least for kidney transplantation, peri-transplant induction
therapy with T cell-depleting antibodies to preventively eliminate al-
loreactive T cells when the host immune system is exposed for the first
time to the graft alloantigens [5] has been considered an useful ap-
proach, based on findings of successful minimization of maintenance
immunosuppression and early steroid withdrawal [6–8] as well as im-
provement in short-term kidney transplant outcome [9,10].

T cell-depleting antibodies, including the anti-CD52 monoclonal
antibody alemtuzumab and the polyclonal antibody rabbit anti-thy-
mocyte globulin (RATG), eliminate peripheral T cells by activating

complement cascade and antibody-dependent cell cytotoxicity [11,12],
inducing a profound lymphopenia during the peri-transplant period.
There is experimental and clinical evidence that Foxp3+ regulatory T
cells (Tregs) are resistant to depletion by induction antibody therapy,
particularly that mediated by RATG [13,14]. Moreover, since RATG
converts CD4+CD25− effector T cells into Tregs [15] and promotes
their expansion during homeostatic-induced lymphopenia [16], it has
been suggested that this T cell depleting antibody could also have a pro-
tolerogenic potential. However, the compensatory proliferation of re-
sidual T cells also promotes preferential expansion of memory T cells
[17–20]. Indeed, compared to their naïve counterpart, memory T cells
are more resistant to depletion [21,22] and depletion-resistant memory
T cells, especially memory CD8+ T cells [23] undergo a rapid pro-
liferation [24]. Memory T cells represent about half of the total T cell
pool and a consistent frequency of them harbors a T cell receptor (TCR)
that can cross-react with donor Major-Histocompatibility-Complex
(MHC) molecules in a process known as “heterologous immunity”
[25–27]. Therefore, the outcome of induction therapies with T cell
depleting antibodies is the enrichment of the recipient T cell pool of
memory T cells with high potential to predispose to graft rejection,
overcoming the possible pro-tolerogenic effects of expanded Tregs. Of
note, memory T cells are less susceptible to inhibition by conventional
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maintenance immunosuppressive drugs with exception of calcineurin
inhibitors (CNI) when used at least in vitro at high dose [17,28].

Therefore, the peri-transplant lymphopenic environment induced by
T cell depleting antibodies could represent one-shot occasion to reshape
the host immune system fostering immunoregulation and eventually a
pro-tolerogenic milieu, should expansion of memory T cells during the
homeostatic proliferation be prevented. In this scenario, we first
thought that a cell therapy approach with Mesenchymal Stromal Cells
(MSC), given their unique immunomodulatory properties, could have
been a useful strategy to promote immune tolerance to solid organ
transplantation in the setting of peri-transplant T cell-depleting induc-
tion therapy.

In this review, we provide an overview of the results of our initial
pilot clinical studies with bone marrow (BM)-derived MSC in kidney
transplant recipients, and summarize the available global experience
with MSC in kidney as well as liver transplantation, highlighting hur-
dles and successes of this innovative cell-based therapy in these set-
tings.

2. Mesenchymal stromal cells and their immunomodulatory
profile

Mesenchymal Stromal Cells (MSC) are a heterogeneous population
of non-hematopoietic multipotent cells characterized by their ability to
differentiate into tissues of mesodermal lineages, such as adipocytes,
chondrocytes and osteocytes [29,30]. In 2004 the first clinical evidence
of the potent immunosuppressive effects of in vitro culture-expanded
MSC isolated from human bone marrow (BM) was provided in a patient
with hematologic malignancy [31]. Since then BM was considered the
main source of MSC for clinical application, and therefore the most
investigated cell population for therapeutic purpose. However, over the
last few years, MSC were shown to be present in essentially all adult
murine organs and tissues [32] so that several other more accessible
MSC sources than BM have been proposed for clinical use, such as
adipose tissue [33], dental tissues [34], amniotic fluid [35], placenta
[36], Wharton’s jelly [37], umbilical cord tissue [38] and cord blood
[39].

Due to a lack of unique markers, ten years ago The International
Society for Cellular Therapy defined MSC using minimal criteria, which
are still the reference for the characterization of these cells at the end of
the in vitro isolation and expansion process, namely: plastic adherence
under standard culture conditions, expression of CD105, CD73 and
CD90 molecules, negative for CD45, CD34, CD19 and CD79 markers,
and with the capacity to differentiate into chondrocytes, osteoblasts
and adipocytes in vitro [29]. Ex-vivo expanded MSC possess unique
immunomodulatory properties. They can affect the effector functions of
almost all the cells of the innate [40] and adaptive immune [41–44]
systems, both in vitro [45,46] and in vivo [47–50], and both by direct
contact with target cells [51–53] and by releasing dozens of soluble
molecules [45,50,54]. MSC suppress the proliferation of T cells in re-
sponse to mitogens [46] or to auto [55] and alloantigens [44,48] in a
non-MHC restricted manner. In the perspective of organ transplanta-
tion, the most interesting immunological characteristic of MSC is their
exquisite capacity of skewing the balance between effector/memory T
cells and Foxp3+ regulatory CD4+ T cells (Tregs) [56], driving the
alloimmune response toward regulation [41,56]. MSC polarize in vitro
both naïve and memory T cells toward Foxp3+ Treg phenotype
[53,57–59], a process occurring either during direct co-culture of MSC
with purified T cells [53,58,59] or by the generation of intermediate
tolerogenic antigen-presenting cells, including dendritic cells [60] or
M2 macrophages [61,62]. Several experimental models of MSC-based
cell therapy in solid organ transplantation confirmed the ability of MSC
to induce long-term graft acceptance through in vivo generation of
Tregs [49,56,63–66].

MSC-induced immunosuppression also efficiently targets memory T
cells. In-vitro, MSC suppressed the proliferation of human CD45RO+ or

CD8+CD28- memory T cells in response to alloantigens [67]. Of more
relevance in the context of T-cell depleting induction therapies, MSC
significantly reduced the in vitro proliferation of human CD4+ and
CD8+ effector T cells in response to the homeostatic cytokines [55,68],
without affecting lymphopenia-induced Treg proliferation [55]. More-
over, in vivo in mice, MSC suppressed in a dose-dependent manner the
proliferation and cytotoxic function of memory T cells against alloan-
tigens of both minor [69] and major histocompatibility complexes
[67,70].

3. Approaches to the first clinical protocol with MSC in organ
transplantation

On the basis of the evidence that MSC favor Treg expansion while
constraining memory T cells from homeostatic proliferation, and the
encouraging data from experimental models of solid organ transplan-
tation [41,56], we designed a phase I clinical study of BM-derived au-
tologous MSC-based therapy in kidney transplant recipients aimed to
assess safety and feasibility of this innovative approach and to explore
the impact of this treatment on the host immune response to the allo-
graft. This mainly implied to deal in advance with the choice of the
source of BM-derived MSC (autologous or allogeneic), the possible
negative impact on MSC functions of biologics and immunosuppressive
drugs currently used in transplant recipients, and the selection of ap-
propriate timing of cell infusion, to assure robust experimental condi-
tions that would allow sound responses to our study questions.

3.1. Autologous or allogeneic MSC

Pre-clinical studies in experimental models of organ transplantation
documented a comparable ability of autologous and allogeneic MSC to
induce Treg expansion and to prolong graft survival [49,71,72], sug-
gesting that autologous MSC are as effective as allogeneic cells in
promoting immune-regulation possibly because their low im-
munogenicity that would limit host immune reaction against cell al-
loantigens [73]. Although MSC express low level of MHC-I molecules,
are negative for MHC-II and costimulatory molecules and are con-
sidered low-immunogenic cells [73], other available studies, however,
indicate that allogeneic MSC, in fact, could elicit an immune response.
In-vivo experiments using allogeneic MSC injection in rodents showed
that these cells induce allospecific CD4+ and CD8+ memory T cells
[74,75] and the development of alloantibody formation [76–78],
raising concerns about possible recipient sensitization in the clinical
setting, eventually limiting patient access to a second kidney trans-
plantation if needed. Thus, we reasoned that the introduction of foreign
antigens with these cells should be avoided and first pilot clinical stu-
dies should begin with autologous MSC, making safety the first objec-
tive. On the other hand, in kidney transplant setting, autologous MSC
are derived from patients with end-stage renal disease (ESRD) on dia-
lysis or with pre-dialysis severe renal insufficiency, an environment that
could underline intrinsic MSC dysfunction. Nonetheless, in vitro data
that MSC from ESRD patients retained similar immunomodulatory
function to those from healthy subjects [79] were reassuring.

3.2. Impact of immunosuppressive drugs

In our center an immunosuppression minimization protocol is in
place that includes induction therapy with basiliximab and low-dose
RATG, and maintenance immunosuppression with low-doses of CsA and
MMF [80,81]. Steroids are tapered and withdrawn within 6 days after
transplantation, when clinically feasible (Fig. 1). Of note, rapamycin
combined with MMF in the maintenance immunosuppression regimen
following basiliximab and low-dose RATG induction therapy was not as
effective as CsA/MMF since the first four patients exposed to this
treatment protocol developed acute graft rejection (Remuzzi G, per-
sonal communication). Therefore, rapamycin, despite its putative role
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in promoting proliferation/function of Tregs [82] was eventually ex-
cluded from the current immunosuppressive protocol adopted in our
center.

Thus, we first evaluated whether steroids, CsA and MMF, added in
vitro at the same concentration achieved in vivo in kidney allograft
recipients, would interfere with MSC immunomodulatory properties
[83]. Either steroids or CsA did not negatively affect the capability of
MSC to inhibit human T cell proliferation. The ultimate effect of com-
bining MSC with CsA-based immunosuppression remains, however,
controversial. Combination of CsA and MSC resulted in impaired im-
munosuppressive effects in in vitro [84,85] and in vivo mixed lym-
phocyte reaction (MLR) model [86], whereas CsA synergized with MSC
in promoting Treg generation in vitro [87] and in inducing long term
graft acceptance of allogeneic islets in rats [88,89], and of vascularized
composite transplantation in swine [72,90]. On the other hand, we
found that MMF had a positive synergistic effect in vitro with MSC [83].

In line with our finding are in vitro [84,85] and in in-vivo [86] ex-
perimental studies showing that the combination of MSC with MMF
resulted in a synergistic suppression of CD4+ T cell proliferation in
response to allogeneic stimuli. The MSC-MMF synergism has been also
documented in heart transplant models in rats [91,92] and in mice
[93]. In these settings, MMF synergized with MSC by inhibiting allo-
geneic MSC-induced T cell activation and trafficking [92] and pro-
moting the conversion of MSC-induced Th-17 cells into Tregs [91].

Examining also the effect of RATG, we found that some polyclonal
antibodies within the RATG cocktail dose-dependently bound to MSC in
vitro [83]. This finding raised major concerns regarding the possibility
of RATG-mediated MSC depletion if the cells are infused during the
induction therapy. Indeed, other investigators have shown that RATG,
at the doses ranging from 1 to 100 µg/ml, was able to impair human
MSC viability and their immunosuppressive functions in vitro. In ad-
dition, binding of RATG to MSC increased their susceptibility to be
lysed by NKT and cytotoxic CD8+ T cells [94]. On the other hand, we
found that the residual amount of RATG present in serum samples
collected 7 days after kidney transplantation bound less than 20% MSC
without interfering, however, on their capability to inhibit T cell pro-
liferation [83].

These in vitro and ex-vivo studies did guide us on the selection of
the most appropriate time for cell infusion in the setting of our T cell
depleting induction regimen (Fig. 1).

3.3. Timing of cell infusion

We therefore set MSC infusion at day 7 post-transplantation (Fig. 1),
a decision also guided by the fact that this timing corresponded to the
start of lymphopenia-induced homeostatic proliferation. This appeared
the ideal condition for MSC to promote Treg expansion while exerting
their unique ability to curtail memory T cell homeostatic expansion,
favoring the development of a pro-tolerogenic milieu.

4. The pilot safety and feasibility study (Clinical protocol #1)

Our first clinical study was with autologous BM-derived MSC infu-
sion in two living related-donor kidney transplant recipients (patient
#1 and patient #2) (Fig. 1). MSC were isolated and ex-vivo expanded
according to Good-Manufacturing-Practice procedures in the academic
“G. Lanzani” Cell-Therapy Laboratory, Bergamo Hospital, Italy (au-
thorization n° aM-189/2008, Agenzia Italiana del Farmaco – AIFA). The
treatment protocol was approved by the National Competent Authority
and local Ethics Committee [83]. MSC were intravenously infused at
day 7 post-transplantation at the dose of 1.7× 106 cells and
2.0×106 cells/kg body weight, respectively. The cell dose was con-
sistent with that previously used for other clinical conditions, all aimed
to obtain host immune response modulation [31,95,96], and with the
expected number of cells achievable by ex-vivo expansion in a rela-
tively short period of time [97]. MSC infusion was well tolerated with
no adverse events and kidney graft function rapidly recovered in the
first days post-transplantation [83]. However, both patients developed
a mild renal insufficiency 10–14 days after cell infusion with a pro-
gressive increase in serum creatinine levels attributed to “engraftment
syndrome” according to a graft biopsy that was feasible in patient # 2
[83]. Indeed the kidney biopsy showed an unusual histological picture
characterized by a very low number of infiltrating CD4+ and CD8+ T
cells B cells and monocytes compared to graft biopsies taken from
historical kidney transplant recipients during acute rejection and a high
number of infiltrating neutrophils that co-localized with increased de-
position of complement C3 [83]. In an attempt to characterize the in-
flammatory process associated with MSC infusion, biopsy specimens
were stained with anti-CD105 and anti-CD44 antibodies markers co-
expressed by MSC. A considerable number of CD105+CD44+double-
positive cells were detected in the biopsy of the MSC-treated patients
but not in the control graft biopsies from transplant patients not

-1 0 1 2 3 4 5 6 7 days post-transplant

kidney transplant

BM-MSC infusion

RATG

Steroids
CsA/MMF

-1 0 1 2 3 4 5 6 7 days post-transplant

kidney transplant

BM-MSC infusion

RATG
Basiliximab
Steroids
CsA/MMF

-1 0 1 2 3 4 5 6 7 days post-transplant

kidney transplant

BM-MSC infusion

RATG
Basiliximab
Steroids
CsA/MMF

Protocol #3

Protocol #2

Protocol #1

Fig. 1. Clinical protocols of MSC immunotherapy in living-donor kidney transplant re-
cipients. Patients received induction regimen with low-dose RATG infusion (thymoglo-
bulin, 0.5mg/kg, daily from day 0 to day 6 post-transplant) and basiliximab (20mg in-
travenous pre-transplant and on day 4 post-transplant). Five hundred milligrams of
methylprednisolone were administered before the first RATG infusion and continued for 2
more days post-transplant (250 and 125mg, respectively). Subsequently, oral prednisone
(75 mg) was administered, which was progressively tapered and discontinued after day 7
post-surgery. Maintenance immunosuppression was with cyclosporine A (CsA) and MMF
[83,110]. In protocol #1, two patients received autologous bone marrow-derived (BM)-
MSC (1–2×106/kg body weight) at day 7 after transplantation. In the subsequent pro-
tocol #2 BM-MSC infusion was moved before transplantation and basiliximab was re-
moved from the induction therapy (n= 2 patients). A further clinical protocol (protocol
#3) foresees pre-transplant (day −1) BM-MSC infusion and induction therapy with both
basiliximab and low-dose RATG.
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receiving the cells, suggesting the recruitment of systemically infused
MSC into the kidney allograft [83]. MSC are known to migrate toward
the injured kidney [98,99] and evidence is available that MSC can be
polarized toward a pro-inflammatory phenotype capable to release pro-
inflammatory cytokines and eventually attract neutrophils [100,101].
MSC express several Toll-like receptors (TLR) and a number of en-
dogenous ligands produced upon injury can activate TLR on their sur-
face [102]. According to the type of TLR activation MSC may switch
toward a pro-inflammatory or anti-inflammatory phenotype [103]. Li-
gation of TLR4 converts MSC into a pro-inflammatory phenotype re-
sulting in increased production of IL-8 and macrophage migration in-
hibitory factor (MIF) that recruit neutrophils and enhance their pro-
inflammatory activity [52,104]. Moreover, TLR3 activated-MSC protect
neutrophils from apoptosis in IL6/STAT3 IFNβ and GM-CSF dependent
manner [105,106]. Thus, in the presence of damage-associated mole-
cular patterns (DAMP) as it occurs during kidney ischemia/reperfusion
injury, MSC can promote neutrophil recruitment to the site of injury
and protect them from apoptosis. These observations led us to hy-
pothesize that, in the setting of intragraft subclinical inflammatory
environment occurring in the first few days post-transplantation, the
infused MSC may have been primarily recruited in the graft and acti-
vated, eventually amplifying the local inflammatory process to the level
affecting graft function (Fig. 2). This hypothesis was tested in a murine
kidney transplant model [63], that indeed documented that MSC given
few days post-transplant were recruited into the graft, released pro-
inflammatory cytokines locally and promoted C3 deposition and in-
tragraft accumulation of neutrophils [63]. These events were avoided
by infusing MSC pre-transplantation, a condition that favored MSC lo-
calization into the spleen instead of kidney graft, thus recruiting cells in
the right place to better promote Treg expansion and a pro-tolerogenic
environment [83].

Nevertheless, despite relatively few MSC likely reaching the lym-
phoid organs in the two patients receiving the infusion post-trans-
plantation, the immunomodulatory and pro-tolerogenic effects of the
cell therapy were still documented. Indeed, a marked post-transplant
decrease in the percentage of circulating memory CD8+ T cells, the
increased ratio between Tregs and memory CD8+ T cells, and the re-
duction of anti-donor CD8+ T cell cytotoxicity were observed in MSC-
treated but not in control kidney transplant recipients given the same
immunosuppressive therapy without cells [83]. Both patients who re-
ceived MSC are healthy with stable graft function after more than

6 year follow-up.

5. The need of revised protocols (Clinical protocol #2 and #3)

Based on the observation of acute renal insufficiency after MSC
infusion post-transplantation and the similar findings in mice, the
clinical study protocol was implemented moving the cell infusion pre-
transplant (Clinical protocol #2) (Fig. 1).

This choice was also supported by the experimental findings that
murine ATG induction therapy administered to recipient mice the day
of kidney transplantation did not affect the capability of MSC given few
hours pre-transplant to induce graft tolerance (unpublished observa-
tion). Moreover, there is evidence that after systemic infusion, MSC
rapidly disappeared from the circulation (because entrapped in the
lungs and due to rapid localization into lymphoid organs [107]), thus
being relatively inaccessible to the possible depleting effect of sub-
sequent RATG treatment. Furthermore, we dealt with the additional
concern of the possible deleterious effect of the anti-CD25 antibody
basiliximab, a component of the induction therapy, on MSC – induced
generation of Tregs. Indeed, Tregs express very high levels of CD25
which is relevant for their IL-2-mediated survival and function [108].
Moreover, evidence is available that basiliximab induces a short-term
depletion of CD25+Foxp3+ Tregs in kidney transplant recipients [109],
suggesting that this anti-IL2 receptor antibody could neutralize Tregs
possibly expanded by MSC given pre-transplantation. With this in mind,
in the revised protocol basiliximab was removed from the induction
regimen and two additional living-donor kidney transplant recipients
enrolled in the new clinical study received induction therapy with low-
dose RATG alone and the maintenance immunosuppression with CsA
and MMF (Fig. 1) [110].

In both patients (patients #3 and #4) pre-transplant MSC infusion
(2×106 kg/body weight, i.v.) was uneventful and renal function ra-
pidly improved. In patient #3 renal function remained normal during
the current 6 year follow-up, whereas patient #4 experienced biopsy-
proven acute cellular rejection 15 days post-transplant, successfully
treated with steroid pulses [110]. Renal graft function completely re-
covered and remained stable thereafter on the long-term. Although in a
single MSC-treated patient, this finding was taken to suggest that MSC
may have low capacity to control host immune response early post-
transplant in the context of highly alloreactive environment that can be
achieved in the absence of basiliximab. Indeed, in a matched-cohort

Subclinical 
inflammatory 
environment 

GRAFT

SECONDARY 
LYMPHOID
ORGANS 

MSC activation 

Release of proinflammatory/
vasoactive mediators and 

complement activation 

Vasoconstriction

Intragraft recruitment 
of neutrophils 

Release of proinflammatory/
vasoactive mediators

Increase of 
serum creatinine

MSC
Fig. 2. Proposed mechanism of acute renal dysfunction in-
duced by post-transplant MSC infusion in kidney transplant
recipients. The subclinical inflammatory environment of the
graft in the few days post-surgery could have favored the
prevalent intragraft recruitment of systemically infused BM-
MSC. In the graft environment MSC may shift toward a pro-
inflammatory phenotype and release neutrophil-chemo-
tactic factors and inflammatory cytokines and contribute to
further amplification of complement activation, eventually
leading to premature kidney dysfunction (engraftment
syndrome).
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observational study we found that induction with low-dose RATG
monotherapy was associated with six- to sevenfold higher risk of acute
cellular rejection than with the combined regimen of low-dose RATG
and basiliximab [111].

As MSC immunomodulatory function develops slowly in the early
post-transplant period, adequate induction therapy, including basilix-
imab, could be of value to limit the risk of acute graft rejection.
Nevertheless, these two cases of MSC-treated patients not given basi-
liximab were also informative to provide evidence that, at least in our
setting, the percentage of Tregs in the peripheral blood and their ex-
pansion during the first months after transplantation were similar to
those in the two initial patients receiving MSC under a combined in-
duction therapy with basiliximab and low-dose RATG [110]. These
findings led us to exclude a major negative impact of the anti-CD25
antibody on MSC-induced expansion of peripheral Tregs.

This observation is in keeping with previous demonstration in liver
and kidney transplant recipients that basiliximab did not induce sig-
nificant changes either in the percentage of Foxp3+ or in level of Foxp3
expression in CD4+ T cells [112] or in the inhibitory function of ex-vivo
isolated Tregs [113]. There is also evidence that basiliximab down-
regulated CD25 expression without compromising the in vitro sup-
pressive function of CD4+Foxp3+ Tregs [113,114].

Beside the effect on Treg profile we found that in patient #3 and #4
MSC infusion was associated with a reduction of circulating memory
CD8+ T cell percentage, particularly remarkable at 6 and 12months
after transplant. This was at variance with findings in control transplant
patients given combined induction therapy alone in whom the per-
centage of memory CD8+ T cells was significantly higher compared to
the pre-transplant levels [110]. Consequently, high ratio Treg/memory
T cells was observed also in these MSC-treated patients during the early
post-transplant period, again anticipating the development of a possible
pro-tolerogenic environment supported by the demonstration of donor-
specific unresponsiveness of CD8+ T cells in ex-vivo cell-mediated cy-
totoxicity test [110].

Together, our encouraging findings of the donor-specific im-
munomodulatory effect of MSC and the major concern of increased risk
of acute cellular rejection of induction therapy excluding basiliximab,
led us to further modify the clinical protocol which now foresees MSC
infusion the day before transplantation and the combined induction
regimen with basiliximab and low-dose RATG (Clinical protocol #3,
Fig. 1).

6. Long-term outcome of MSC treated patients

Patients treated according to protocol #1 and #2 had stable graft
function during the 5–7 year follow-up, without increased susceptibility
to infections or malignancy, confirming the safety of MSC therapy even
on the long-term in immunosuppressed kidney transplant recipients.

Of interest, extensive immune-monitoring during the long-term
follow-up showed a long-lasting sustained increased ratio of circulating
Treg/memory CD8+ T cells and donor-specific hyporesponsiveness of
CD8+ T cells ex-vivo in two out of four MSC-treated compared to his-
torical kidney transplant recipients given the same induction and
maintenance immunosuppressive drugs. In addition, in these two pa-
tients we observed a progressive expansion of B cells with a naïve and
transitional phenotype, a B cell signature recently reported to be as-
sociated with operational tolerance [115,116]. Notably, this pro-tol-
erogenic environment was particularly evident in a MSC-treated pa-
tient, who, therefore, underwent successful withdrawn of CsA, and is
currently weaning off the low-dose MMF maintenance im-
munosuppressive therapy (personal communication).

7. The global experience with MSC in organ transplantation

So far MSC therapy in organ transplantation has been tested mainly
in pilot feasibility studies in the setting of kidney and liver transplant

programs with different ultimate purposes, namely: i) induction of
immune tolerance; ii) replacement of basiliximab induction therapy or
minimization of maintenance immunosuppressive drugs; iii) treatment
of subclinical rejection and repair of graft tissue injury.

7.1. Kidney transplantation

Similar to our approach, Mudrabettu et al. in India are exploring the
pro-tolerogenic properties of autologous BM-derived MSC [117]
(Table 1). Four living-donor kidney transplant recipients have been
enrolled who were given intravenously two doses of MSC, one day prior
to and 30 days post-transplantation (range 0.2 to 2.8x106/kg body
weigh/infusion). They also received induction therapy with low-dose
RATG and maintenance immunosuppression with tacrolimus, MMF and
steroids. All patients had excellent graft function and showed normal
graft histology on 1 and 3month-protocol biopsies. A trend toward
increased circulating Tregs was observed during the 3month follow-up
in MSC treated patients compared to control kidney transplant re-
cipients, associated with decreased ex-vivo proliferation of CD4+ T
cells [117]. This findings are in line with our results, although the short-
term follow-up and the wide range of MSC doses administered in a very
small cohort of patients may limit sound conclusions.

Other investigators in China [118] have attempted to reduce the
immunosuppressive drug regimens with autologous BM-MSC treatment
in a living-donor kidney transplant program. Actually, this is the largest
randomized clinical trial in which MSC were given on day 0 and on day
14 post-transplantation (1–2×106/kg body weight, each i.v. infusion)
combined to standard (n= 53 patients) or 80% (n= 52 patients) cal-
cineurin inhibitor (CNI) dose. A control group of patients given basi-
liximab induction therapy and maintenance immunosuppression with
standard CNI dose (n=52 patients) was considered for comparison. All
MSC- and control patients received also steroids and MMF as a part of
maintenance immunosuppression. MSC-treated patients showed faster
renal function recovery during the first month post-transplant, reduced
incidence of biopsy-proven acute rejection at 6months, not confirmed
at 12months, and a significantly decreased risk of opportunistic in-
fection during the 1 year follow-up, compared to control group [118]
(Table 1). Unfortunately, no mechanistic data about the possible im-
munomodulation afforded by MSC treatment were provided, leaving
unexplained the lack of sustained anti-rejection effect of this cell
therapy in the setting of minimization of immunosuppressive regimen.

Similarly, another clinical trial in China [119,120] employed allo-
geneic BM-MSC derived from living kidney donor in 16 transplant re-
cipients as a strategy to reduce maintenance dose of tacrolimus. MSC
were administered twice (5× 106 into the renal artery the day of
transplant and 2×106/kg body weight, i.v. one month after trans-
plant) and combined to maintenance immunosuppression with MMF,
steroids and 50% tacrolimus dose (0.04–0.05mg/kg/day). Control pa-
tients (n=16) received the same maintenance immunosuppression but
with standard tacrolimus dose (0.07–0.08mg/kg/day). In addition, all
patients were given induction therapy with Cytoxan (200mg/day), a
regimen that induced a mild and transient depletion of T cells during
the first week after transplant [119,120]. During the 24month follow-
up, the incidence of acute rejection, graft survival and graft function
were similar in MSC-treated and control patients, suggesting that MSC
allow safe use of sparing dose of CNI [119]. Analysis of peripheral
blood lymphocyte population in the first 6 patients [120], however
indicated that MSC treatment in this setting did not induce significant
changes in Treg percentages compared with controls or basal levels
(Table 1).

Other investigators took a different approach and studied MSC
treatment to repair kidney graft injury [121]. They performed a safety
and feasibility study of autologous BM-derived MSC in six living-donor
kidney allograft recipients whose 6month-protocol biopsy showed
subclinical rejection and/or interstitial fibrosis/tubular atrophy (IF/
TA). Transplant patients, given basiliximab induction therapy and on
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CNI, MMF and steroid immunosuppression, received two iv injections
of MSC (dose range for each cell infusion: 0.1–1.1×106/kg body
weight) 7 days apart and followed-up for 24 weeks post-cell infusion. In
two recipients who underwent surveillance biopsies after MSC infusion,
resolution of tubulitis without IF/TA was documented. Notably, three
patients developed opportunistic viral infections, raising concern about
possible MSC − induced over-immunosuppression. Proliferation of
peripheral blood mononuclear cells in mixed-lymphocyte reactions in
response to donor cells was reduced in five out of the six MSC-treated
patients after cell infusion. However, no changes in percentages of
memory CD4+ and CD8+ T cells or of Tregs was observed after the
treatment, indicating mechanisms other than immunoregulation un-
derlying the MSC effect in these patients [121] (Table 1).

7.2. Liver transplantation

First reports about MSC therapy in liver transplantation have been
recently made available [122,123] (Table 1). A patient with a living-
donor liver transplant was given Multipotent Adult Progenitor Cells
(MAPC) [122], a commercial cell product (Multistem, Athersys) iso-
lated and extensively expanded from a single BM aspirate. These cells
share similar immunosuppressive function with MSC both in vitro and
in vivo settings [122]. MAPC were infused into the portal vein
(150×106 total cells) after allograft reperfusion. Immunosuppressive
treatment followed a “bottom-up” CNI-free regimen starting with ba-
siliximab, MMF and steroids (1 mg/kg, tapered off from day 3). A
second MAPC dose was administered iv on day 2 post-transplantation
(150×106 total cells). The patient experienced two rejection episodes,
the first clinically diagnosed on day 6 and the second biopsy-proven on
day 219 [122]. A trend toward increased percentages of circulating
Tregs was observed few days after transplant (Table 1).

Recently, Detry et al. [123] evaluated feasibility, safety and toler-
ability of a single infusion of third-party unrelated BM-MSC in patients
with liver transplantation from deceased-donors and attempted, for the
first time, immunosuppression drug withdrawal after MSC infusion. Ten
liver transplant patients under triple standard immunosuppression
(CNI, MMF and steroids) were given MSC infusion (1.9–2.7×106/kg
body weight) 2–5 days post-transplant and were prospectively com-
pared with ten control liver transplant recipients not given the cell
treatment during 12month follow-up. No impairment of liver graft
function early after cell infusion or increased incidence of opportunistic
infections or malignancies were reported. Rate of rejection, graft sur-
vival as well as Banff and fibrosis scores on 6months protocol biopsies
were similar between MSC-treated and control patients. A detailed
analysis of peripheral blood T cells showed comparable percentages of
total Tregs or their naïve, resting, activated and proliferating Treg
subsets, clearly excluding any possible effect of MSC on Treg expansion
at least during the initial 3 month follow-up (Table 1). Nevertheless, in
9 MSC recipients progressive immunosuppression weaning was at-
tempted from month 6 to 12 post-transplantation. Notably, in a patient
tacrolimus first and then MMF withdrawal was successfully performed
and the patient remained off immunosuppression for the subsequent
12month follow-up. In two patients tacrolimus withdrawal was
achieved at month 9 post-transplant but was then reintroduced during
weaning MMF monotherapy because of acute graft rejection. In six
other patients the planned tacrolimus withdrawal was stopped due to
significant increase in transaminases during drug tapering, anticipating
the ongoing acute rejection [123].

The very fast tapering of tacrolimus during 3months could account
for the failure of immunosuppressive drug withdrawal in this study.
Drug discontinuation within this short-term could have promoted ef-
fector T cell activation, disrupting any possible MSC-induced im-
munomodulation. In addition, in these MSC-treated liver transplant
recipients there was no evidence of the development of a pro-tolero-
genic environment which would have justified the attempt to and safely
guided drug tapering in selected patients. The lack of induction therapy

with T-cell depleting antibodies and the MSC infusion early post-
transplant instead of pre-transplant could have also contributed to
hinder the development of a pro-tolerogenic milieu.

8. The way to transplant tolerance with MSC

Knowledge about MSC in organ transplantation is still too limited to
embark on large randomized clinical trials aimed at immune tolerance,
and many questions remain regarding the mechanisms of action in
humans, the most appropriate dose regimen and way of administration,
as well as the benefits of this cell therapy [124]. However, the available
data in kidney and liver transplantation have clearly documented that
infusion of BM-derived MSC, at least at doses ranging 1–2×106/kg
body weight is rather safe, well tolerated, and without significant side
effects in the short- and long-term, even in chronically im-
munosuppressed patients, a key step for future clinical development of
this innovative cell therapy in the transplant setting. The preliminary
experience also indicates that MSC are capable of dampening alloim-
mune response allowing to minimize the dosage of current im-
munosuppressive biologics and drugs, at least in low-risk kidney
transplant recipients. These findings, however, raise the question
whether a costly MSC-based therapy should be adopted just to prevent
acute allograft rejection and maintain acceptable long-term graft
function without induction therapy or with minimized maintenance
immunosuppression, all transplant outcomes that are well controlled by
conventional, less expensive immunosuppressive drugs. Instead, the
final goal of MSC therapy in organ transplantation should be furthering
donor-specific immune tolerance, allowing discontinuation of all
maintenance immunosuppressive drugs after a certain time post-
transplantation. Despite data supporting a degree of MSC-induced
donor-specific unresponsiveness to allograft, only anecdotal cases have
provided evidence that MSC-based therapy enables the almost complete
withdrawal of immunosuppressive drugs or even promotes operational
tolerance. This could be attributed to the fact that, unfortunately, not
all kidney or liver transplant recipients who were given MSC treatment
consistently had signs of immunoregulation. A possible explanation
could be that MSC preparations display substantial donor-to-donor
variability in their capability to dampen the alloimmune response in
vitro, despite common immunophenotype and tri-lineage differentia-
tion potential [125]. In addition, other factors such as isolation and
expansion methods, primary cell source and donor characteristics im-
pact considerably on the immunosuppressive properties and on the
secretome of the MSC final product [126]. To overcome these important
limitations, small and medium enterprises are investing in the devel-
opment of a very-well characterized, pure, safe and effective MSC
product starting from more characterized progenitor cells [126] which
will eventually translate in an economically affordable MSC cell
therapy.

Also, the host microenvironment surrounding MSC, which may in-
fluence their polarization toward a tolerogenic or inflammatory phe-
notype, should play a role in the heterogeneous immunoregulatory
response induced by MSC therapy, that could be limited by planning the
cell infusion pre-transplantation to avoid “engraftment syndrome”.
Moreover, it appears relevant to facilitate the development of a pro-
tolerogenic milieu by administering MSC just before a peri-transplant
lymphopenic environment is induced by T cell-depleting antibodies,
such as RATG. Together, these observations highlight the hazard of
testing MSC-based therapy as a strategy for promoting graft tolerance in
unselected cohorts of transplant recipients within the framework of
scheduled immunosuppression withdrawal protocols just based on
clinical criteria. Instead, we would anticipate the need of applying a
comprehensive immunomonitoring approach, including T and B cell
subset phenotyping and ex-vivo functional assays, to demonstrate the
efficacy of MSC in promoting donor-specific immunoregulation and
developing a pro-tolerogenic environment in transplant recipients,
which would provide sound criteria for identifying candidate patients

F. Casiraghi et al. Human Immunology xxx (xxxx) xxx–xxx

7



amenable to immunosuppressive drug withdrawal at a given time after
transplantation.

Although much work has to be done to fully exploit the pro-tol-
erogenic potential of MSC in the setting of solid organ transplantation,
we look forward with optimism to the next decade where we hope the
current encouraging and promising preliminary results may eventually
pave the way to definitely demonstrate, through well-designed clinical
trials including standardized immunomonitoring, effectiveness and
suitability of the BM-derived MSC in inducing sustained operational
tolerance in transplant patients.
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