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Abstract
Purpose To give an overview over cell therapeutic ap-
proaches to immunosuppression in clinical kidney transplan-
tation. A focus is on myeloid suppressor cell therapy by mi-
tomycin C-induced cells (MICs).
Methods Literature review with an emphasis on already
existing therapies.
Results Several cell therapeutic approaches to immunosup-
pression and donor-specific unresponsiveness are now being
tested in early phase I and phase II trials in clinical kidney
transplantation. Cell products such as regulatory T cells or
regulatory macrophages, or other myeloid suppressor cell
therapies, may either consist of donor-specific, third-party, or
autologous cell preparations. Major problems are the identifi-
cation of the suppressive cell populations and their expansion
to have sufficient amount of cells to achieve donor unrespon-
siveness (e.g., with regulatory T cells). We show a simple and
safe way to establish donor unresponsiveness in living-donor
kidney transplantation byMIC therapy. A phase I clinical trial

is now under way to test the safety and efficacy of this cell
therapeutic approach.
Conclusions Cell therapeutic approaches to immunosuppres-
sion after kidney transplantation may revolutionize clinical
transplantation in the future.
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Introduction

Kidney transplantation represents the optimal treatment for
patients with chronic kidney disease stage 4 or 5. Compared
to dialysis, kidney transplant recipients have a survival advan-
tage and improvement in quality of life [1]. According to a
recent analysis of the United Network of Organ Sharing
(UNOS) database, during a 25-year period, a total of 1,372,
969 life years were saved by kidney transplantation compared
to patients who were waitlisted but received no allograft [2].
This number resulted in 4.4 life years saved per patient during
the observation period. Analysis of more recent procedures or
of younger patients may bring even more impressive figures.
Long-term survival of kidney graft recipients, however, is
limited by two major problems: (1) death with a functioning
graft due to the side effects of immunosuppressive therapy and
(2) graft loss often due to chronic antibody-mediated rejection.
Therefore, there is still an urgent need for more powerful
immunosuppressive tools that at the same time have fewer
side effects than currently applied quadruple immunosuppres-
sive therapies. Ideally, one should achieve selective (donor)
unresponsiveness of the graft recipient against the donor
without the use of broad immunosuppression and full
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responsiveness of the patient’s immune system against bacte-
ria, viruses, and other pathogens—i.e., tolerance.

Transplantation tolerance

In the absence of powerful immunosuppression, organ trans-
plantation primes the activation of the innate and adaptive
immune system leading to an immune response specifically
directed against the graft alloantigens, resulting in graft injury
and destruction. Previous exposure to alloantigens by preg-
nancy, blood transfusion, or prior transplantation may even
lead to accelerated immune reactions via cellular and
antibody-mediated mechanisms. Since the pioneering work
from Medawar and colleagues in 1953, it is well known that
allogenic cells may not only stimulate but also inhibit immune
responses [3]. After injection of allogeneic bone marrow cells
into newborn mice, the recipients became tolerant to subse-
quently transplanted skin of the same donor. Since then, our
understanding of the mechanisms of the regulation of the im-
mune system is steadily improving. Today, tolerance is be-
lieved to be the result of the net balance of regulatory and
effector mechanisms in the patient’s immune system. Many
years after Medawar’s first efforts to induce donor-specific
unresponsiveness, it has been shown that multiple blood trans-
fusions (containing allogeneic cells) from third-party donors
were able to inhibit the rejection process of subsequent kidney
transplants [4]. At that time, still before the introduction of
powerful immunosuppression, e.g., by cyclosporine, 1-year
graft survival in non-transfused patients was 23 % while it
was strikingly 87 % (P<0.001) in patients who had received
more than 10 transfusions. This Btolerogenic^ effect of multi-
ple transfusions may be attributable to a higher content of
polymorphonuclear leukocytes in these early preparations
since the graft-protective effect was lost later when packed
red cells, i.e., leucocyte-depleted preparations were adminis-
tered. In recent years, transfusions of packed red cells were
rather linked to recipient sensitization and premature graft loss
than to a graft-protective effect. In a recent Swiss study, Marti
and colleagues could demonstrate that donor antigen-specific
transfusions may reduce rejection episodes even when applied
together with powerful immunosuppression [5]. Instead of
packed red cells, they used either whole blood or mononuclear
blood cells from buffy coats. A total of 61 potential recipients
of living-donor kidney allografts received two donor-specific
transfusions at a 2-month interval. After one or two donor-
specific transfusions, a total of six patients developed a posi-
tive complement-dependent cytotoxicity (CDC) T cell cross-
match and therefore were not transplanted. Patients with
donor-specific transfusions showed better graft and fewer re-
jection episodes compared to matched control patients in
Western Europe and to living-donor kidney transplant recipi-
ents in other Swiss transplant centers or Western Europe.

The recipient’s immune system and regulatory Tcells

The ability of the immune system to discriminate between self
and non-self is the basis of allorecognition. Allografts induce
alloimmune responses because of the recognition of non-self-
antigens from the foreign tissue by recipient T cells. Once
activated and expanded, T cells exhibit effector functions that
result in destruction of graft tissue. Animals experimentally
deprived of T cells do not reject allografts. However, T cells
are not only powerful effector cells but also main regulators of
autoimmune responses. Autoreactive Tcells with high affinity
for self-antigens are deleted in the thymus, whereas self-
reactive T cells that escape thymus censorship have the poten-
tial to induce autoimmunity if they are not controlled by pe-
ripheral regulatory mechanisms. It is known that regulatory T
cells (Tregs) play an important role in maintaining self-
tolerance and are essential for the restoration of the immune
homeostasis after antigenic stimulation. Two major Treg cell
types can be distinguished: naturally occurring Tregs (nTreg),
which develop in the thymus and express a broad repertoire of
α/β Tcell receptors (TCRs) with specificities for both self and
non-self-antigens, and induced Tregs (iTregs), which arise in
the periphery by conversion of conventional cluster of differ-
entiation (CD) 4+-Tcells after immunological challenge [6]. A
unique cell marker that differentiates nTregs from iTregs has
not yet been found. Functionally active Tregs are character-
ized by a constitutive, strong expression of the interleukin
(IL)-2 receptor alpha chain (CD25) and a low or negative
expression of the IL-7 receptor alpha chain (CD127) [7]. Fur-
thermore, these cells express the transcription factor forkhead
box (Fox) P3, which is essential for their function. The mech-
anisms of immunoregulation by Tregs can be divided into
those that target T cells (e.g., cytolysis, suppressive cytokines,
IL-2 consumption) and those that target antigen-presenting
cells (APCs) (e.g., reduced costimulation or antigen presenta-
tion) [8]. Human Tregs have been shown to express several
other markers such as cytotoxic T lymphocyte antigen 4
(CTLA4) or human leucocyte antigen-DR (HLA-DR). The
expression of CTLA4 by Tregs can inhibit APC activity,
thereby preventing the development of effector T cells [9].
HLA-DR+-Tregs potentially affect the suppressive activity
of the total Treg pool [10]. The disappearance of this Treg
subset represents a strong indicator for acute rejection process-
es [11]. On the other hand, also antigen-presenting cells
(APCs) have the capability to induce, maintain, or increase
the number of Tregs that in turn cause the generation of new
tolerogenic APCs [12]. Upon encounter to Tregs, all major
subpopulations of APCs, i.e., dendritic cells (DCs), B cells,
and monocytes/macrophages, respond by downregulation of
their antigen-presenting function, upregulation of immuno-
suppressive molecules, and secretion of immunosuppressive
cytokines [9]. Dendritic cells and macrophages are capable of
both stimulating and suppressing T cell-mediated responses
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according to their state of activation [13, 14]. Immature DCs
and macrophages present self and harmless antigens under
non-inflammatory conditions. Antigen presentation without
costimulation inactivates effector T cells. In this way, antigen
presentation by non-activated myeloid APCs contributes to
the maintenance of steady-state self-tolerance [15, 16]. Fur-
thermore, distinct populations of Tregs and tolerogenic APCs
act synergistically to maintain an immunological balance [17].

Cell therapeutic approaches to transplantation
tolerance

Cell therapeutic approaches to immunosuppression and donor-
specific unresponsiveness are a double-edged sword. The same
cell type may either inhibit or trigger an immune response de-
pending on a whole series of circumstances such as age, number
of administered cells, concomitant immunosuppressive therapy,
and state of the patient’s immune system. The only cell thera-
peutic approaches for tolerance induction that are effective in
clinical transplantation combine kidney with bone marrow trans-
plantation after myeloablative or non-myeloablative condition-
ing regimens [17–19]. Such approaches are logistically challeng-
ing, bear many potential side effects, and are extremely costly,
and therefore limited to only few selected patients. Alternative
cell therapeutic strategies to minimize immunosuppression are
mainly composed of immunoregulatory cell populations. These
preparations can further be divided into groups of cell popula-
tions that are donor antigen-specific and those that are donor-
unrelated, derived from third-party donors or autologous cell
preparations. Though most cell therapies demonstrated at least
some immunosuppressive properties in in vitro andpreclinical
studies, convincing proof for their clinical efficacy in kidney
transplant recipients is still pending. Asdiscussed below, the
transfer of cell-based products into clinical trials needs to obey
strict governmentalregulations. Even after proof of effectiveness
in human kidney transplantation, the introduction of the majority
of cell-based immunoregulatory approaches into clinical routine
would not be easy due to logistical hurdles, especially tedious
processes of separation and long-lasting cultivation of the partic-
ular therapeutic cell populations under conditions of good
manufacturing practice (GMP) [15, 20, 21]. Another significant
dilemma is the need for additional immunosuppressive therapies.
For example, immunosuppression by calcineurin inhibitors may
either have direct toxic effects on the administered regulatory cell
populations or may interfere with the formation of a tolerogenic
state of the recipient’s immune system [22]. This is of particular
interest, since most cell-based immunoregulatory therapies are
aimed at a minimization rather than complete avoidance of im-
munosuppressivemedication. A further issue consists in the half-
life of the administered cell populations. Most cells, especially of
allogeneic origin, have a rather short life span after administra-
tion and may not be detectable in the recipient’s circulation

within only a few hours to days. It is possible, however, that in
some cases, this short time is sufficient to induce a tolerogenic
state in the recipient and that the immunosuppressive effect is not
limited to the life span of the therapeutic cell population itself.

Combined kidney and bone marrow transplantation

Successful clinical tolerance has been achieved by combining
kidney and bone marrow transplantation. During this proce-
dure, a mixed chimerism is established in the kidney recipient
at least for a certain time period, suppressing the recipient’s
effector T cell responses while at the same time, regulatory T
cell responses are established. The Stanford group recently
published their extended experience in the treatment of 38
HLA-matched and mismatched patients by combined living-
donor kidney and CD34+-enriched hematopoietic stem cell
transplantation [23]. Conditioning of these patients consisted
of post-transplant total lymphoid irradiation (10 doses of 80 or
120 cGy) and anti-thymocyte globulin (1.5 mg/kg b.w. at 5
daily doses). Nineteen of 22 HLA-matched patients had per-
sistent chimerism for at least 6 months with 16 of the 19
patients successfully weaned from immunosuppressive medi-
cation. The Boston group published their extended experience
in 10 patients with combined kidney and bone marrow trans-
plantation after non-myeloablative conditioning in July 2014
[19]. All patients developed a transient chimerism with seven
patients being off immunosuppressive therapy for 4 years or
more. Conditioning was modified during the study and
consisted of cyclophosphamide (60 mg/kg intravenously on
days −5 and −4); a humanized anti-CD2 monoclonal antibody
(0.1 mg/kg on day −2 and 0.6 mg/kg on days −1, 0, and +1);
cyclosporine A (5 mg/kg intravenously on day −1); and thy-
mic irradiation (700 cGy on day −1). More recently, rituximab
(375 mg2 on days −7, −2, +5, and +12) and prednisone
(2 mg/kg from day 0 and tapered to post-transplant day +20)
were added to prevent development of donor-specific antibod-
ies. Cyclosporine A was replaced by tacrolimus that was ta-
pered until month 8. On the day of kidney transplant, unpro-
cessed donor bone marrow (2–3 ×108 cells/kg) was intrave-
nously infused in patients. At latest follow-up, four patients
were off immunosuppressive therapy while two patients had
lost their graft. One patient (patient 3) suffered from early
acute antibody-mediated rejection and one patient (patient
10) had pyelonephritis followed by severe T cell-mediated
rejection BANFF IIB and had retransplantation after 3.3 years.
At Northwestern University, 31 patients were enrolled and 25
were transplanted in a phase IIb tolerance trial in HLA-
mismatched living-donor kidney transplantation [24]. Condi-
tioning consisted of fludarabine (30 mg/kg on days −4, −3,
and −2); cyclophosphamide (50 mg/kg on days −3 and +3);
and 200 cGy total body irradiation (200 cGy on day −1).
Tacrolimus and mycophenolate mofetil at a regular dose were

Langenbecks Arch Surg (2015) 400:541–550 543



given from day −3 and continued after transplantation. Immu-
nosuppression was tapered frommonths 6 and discontinued at
months 12 after transplantation if persistent whole blood and
T cell macrochimerism was persistent. Seventeen patients
with a follow-up of more than 18 months segregated into
patients with either persistent chimerism (12 of 17), transient
chimerism (4 of 17), and patients who never developed a
chimerism (1 of 17). Twelve of 17 patients were successfully
weaned from immunosuppressive medication. Unfortunately,
in above-mentioned studies, little information is given on the
side effects of the invasive therapies.

Induction therapy with mesenchymal stem cells

Current immunosuppressive treatment usually consists of a
tripe drug regimen together with potent antibody induction
therapy. New induction agents with enhanced efficacy and
reduced side effects are desirable. Tan and colleagues recently
published results of a prospective randomized study that in-
vestigated the use of autologous mesenchymal stem cells
(MSCs) as an induction agent for living-donor kidney trans-
plantation [25].MSCs represent a non-hematopoietic cell pop-
ulation that inhibits T cell proliferation and monocyte differ-
entiation and regulates natural killer cell and B cell functions.
Therefore, MSCs are thought to exhibit immunosuppressive
properties [26]. During the study, 159 end-stage renal disease
patients transplanted with a related living donor were divided
into three treatment arms: group A, MSC treatment (1–2×106

cells/kg body weight, on days 0 and 14) plus standard dose
cyclosporine; group B, MSC treatment plus reduced dose cy-
closporine (80 %); and group C, basiliximab (a monoclonal
anti-CD25 antibody) instead ofMSC induction therapy. There
was no significant difference in graft or patient survival and
acute rejection after 12 months. Interestingly, four rejections
in group C were classified as steroid-resistant while no such
rejection was observed in groups A and B. Kidney function
was better in MSC-treated patients at year 1 and the hazard
ratio for opportunistic infections in MSC—as compared to
basiliximab-treated patients—was 0.42 (95 % confidence in-
terval (CI) 0.2–0.85; P=0.02) while no significant side effects
of MSC therapy were noticeable. As a note of caution, overall
rejection in recipients of a living-related kidney transplant
during the first year after transplantation was with 26 % rather
high and there are still concerns with respect to a possible
malignant transformation of MSCs.

Regulatory T cells (Tregs)

Regulatory T cells are essential for achieving transplantation
tolerance. In animal models, the transfer of Treg cells has
demonstrated to be a promising strategy for controlling acute

and chronic allograft rejection [21]. But these preclinical animal
studies have shown that a drastic change of conventional T
(Tconv) cells to Treg balance is needed to control transplant
rejection using Treg cell therapy [20]. To alter this equilibrium
in favor to Tregs, reduction of Tconv cells or expansion of
Tregs is possible strategies... is a possible strategy, or the ...,
or the combination of both. To receive the requested billions of
Treg cells, it is necessary to expand them in culture by stimu-
lating freshly isolated Tregs through the CD3 and CD28 mol-
ecules [27, 28]. The dose of Tregs that will give the optimal
immunosuppression in solid organ transplantation is not
known, but based on Treg therapy studies in type 1 diabetes
and hematopoietic stem cell transplantation, a dose of 1×106 to
20×106/kg of bodyweight seems to be necessary [29]. Some
authors recommend a simultaneous deletion of host donor-
reactive T cells with thymoglobulin induction to improve the
Treg to Tconv-cell balance, and finally, to reduce the number of
required Tregs [20, 30]. A further strategy to optimize Treg
therapy is to use donor alloantigen-reactive Tregs. These Tregs
are 10–100 times more effective at suppressing Tconv-cell pro-
liferation to alloantigens than polyclonal Tregs [31]. Alternative
to isolating preexisting Tregs for ex vivo expansion, Tconv cells
can be converted to Tregs during ex vivo expansion with the
addition of transforming growth factor (TGF)-beta together
with rapamycin or all-trans retinoic acid [20]. But further ex-
periments focusing on the stability and commitment of ex vivo
induced Tregs are needed before they can be considered as
therapeutic Tregs in humans. In particular, since it is known
that the total Treg pool consists of many phenotypic and func-
tional different subpopulations which were classified based on
expression of immunologic markers, sites of differentiation,
mechanisms of function, and lineage plasticity [32].

To date, a few clinical studies have infused Treg cells as a
GvHD prophylaxis in patients receiving hematopoietic stem
cell transplantation and as a therapy in patients with GvHD
[33–35]. No safety concerns were reported and a lower inci-
dence of GvHD was observed in comparison to the results of
historical controls [33]. Data for Treg cell therapy in solid
organ transplantation are not published so far. But a phase I/
II international multicenter clinical trial of Treg therapy for
renal transplantation patients is currently in progress (The
ONE Study) [36]. Another clinical study (ThRIL) will be
evaluating the safety and efficacy of Treg therapy in liver
transplantation [37].

Myeloid regulatory cell products

Myeloid-derived suppressor cells (MDSCs) occur in tumor
patients where they compromise the patient’s immune re-
sponse. Whereas these cells may be deleterious in cancer pa-
tients, they might be useful for controlling allograft rejection
in organ transplantation. MDSCs accumulate due to tumor
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factors which activate immature myeloid cells and concomi-
tantly block their maturation to dendritic (DCs) or other cells
[38]. Several groups attempt to reproduce this process in vitro
to get a suppressive cell population for the treatment of allo-
graft rejection and autoimmune diseases [39, 40]. Myeloid
suppressor cells have been produced by the treatment with
IL-10 (DC10 cells), rapamycin (Rapa-DCs), culture with
GM-CSF (Tol-DCs), or culture with dexamethasone and vita-
min D. Myeloid suppressor cells may be of donor, recipient
(autologous), or third-party origin and exert their effects by
various mechanisms. While myeloid suppressor cells were
tested for the induction of tolerance in rodent heart and kidney
transplantation models, their role in the induction of tolerance
in clinical transplantation is so far unclear.

Regulatory macrophages

An approach to immunosuppression after kidney transplanta-
tion by macrophages that have a regulatory phenotype is pro-
posed by the Regensburg group. CD14+ monocytes were ex-
posed for 7 days to M-CSF, human serum, and IFN-gamma
[41]. These regulatory macrophages (Mregs) have a distinct
morphology and do not stimulate allogenic T cell proliferation
in vitro. A first use in patients was performed during an indi-
vidual treatment attempt in two living-donor kidney transplant
recipients. Both patients were successfully transplanted while
still on tacrolimus monotherapy [42]. One year post-trans-
plant, both patients showed a gene expression pattern in their
peripheral blood that is consistent with the gene signature
obtained in the IOT-RISET trial. The proof of the safety and
efficacy of Mreg therapy, however, is pending and will be
tested within the One Study [36].

Mitomycin-induced donor blood cells (MICs)
for induction of donor-specific tolerance in organ
transplantation

Dendritic cells (DCs) are the most potent professional,
antigen-presenting cells (APCs). They have been recognized
as effective initiators of specific immune responses against
foreign antigens but play also a key role in maintaining central
and peripheral tolerance towards self-antigens [13, 43]. Immu-
noregulatory APCs may be of great value for particular clin-
ical applications such as the treatment of rejection episodes in
organ transplantation or deleterious immune reactions in au-
toimmune diseases. The antibiotic and chemotherapeutic
agent mitomycin C (MMC) was shown to cause non-
immunogenic apoptotic cell death in tumor cells and was
therefore identified as a candidate substance to abrogate the
immunogenicity of allogeneic DCs [44]. If MMC could ren-
der allogenic DCs tolerogenic, theymight be an elegant tool to

control transplant rejection. To test this hypothesis, mature
DCs were generated from rat bone marrow in vitro and treated
with MMC at the end of culture. MMC-treated DCs (MMC-
DCs) lost their stimulatory capacity. Proliferation of allogene-
ic T lymphocytes was not induced by MMC-DCs in vitro.
Once suppressed, T cells could not be restimulated with un-
treated, freshly generated mature DCs of the same donor but
with mature DCs from a third-party donor, pointing to an
active donor-specific immunosuppressive mechanism [45,
46]. In a next step, MMC-DCswere examined in a heterotopic
heart transplantation model. One week before surgery, recipi-
ent rats received either 1×106 mitomycin-treated DCs or naïve
mature DCs generated from the same allogeneic donor strain.
While the heart was rejected within approximately 1 week by
untreated recipients, pretreatment with naïve mature DCs
caused accelerated rejection. In contrast, recipients receiving
a single injection ofMMC-DCs 7 days prior to transplantation
showed heart allograft survival that was significantly
prolonged up to 1 month. The suppressive effect induced by
the treatment with MMC-DCs was donor-specific since cardi-
ac allografts of a third-party donor were rejected. The conver-
sion of rat DCs into tolerogenic cells after MMC treatment
was attributable to the downregulation of stimulatory cell sur-
face receptor molecules such as CD80, CD86, as well as the
intercellular adhesion molecule (ICAM)-1 [45, 46], a phe-
nomenon that was not reproducible in MMC-treated mature
DCs of human origin. Comprehensive gene expression anal-
ysis of in vitro generated human DCs revealed that MMC
treatment modulated the expression levels of various apopto-
tic and immunoregulatory genes [47].

Though DCs were a promising tool for immunological in-
terventions, there are still concerns for their clinical application.
Standardized in vitro generation of DCs under GMP conditions
in accordance with rigorous governmental regulations is labor-
intensive, costly, and not easy to achieve. Most importantly,
manipulated DCs may, under certain circumstances, regain
their stimulatory capacity with negative consequences when
transferred to patients. Peripheral mononuclear blood cells
(PBMCs) were identified as a suitable alternative. They can
easily be harvested from peripheral blood in sufficient number
and quality. In an allogeneic rat heart transplantation model, a
single preoperative injection of donor-derived MMC-treated
PBMCs (mitomycin-induced donor blood cells, MICs) signif-
icantly prolonged allograft survival without additional immu-
nosuppression. Allograft survival correlated with the number of
administered MICs. When the maximum dose of 1×108 MICs
was given, 50 % of animals had long-term acceptance of the
allograft with more than 70 days survival. In contrast, admin-
istration of untreated PBMCs or heart transplantation from a
third-party donor led to accelerated rejection (Fig. 1). Prophy-
lactic immunomodulation withMICs solely targets the unwant-
ed immune responses against the allograft, a central prerequisite
for their application in clinical transplantation [48]. In
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composite tissue rat hind limb allotransplantation, MICs signif-
icantly prolonged allograft survival when given at the day of
surgery [49]. Pretreatment of recipients with donor-derived
MMC-treated splenocytes strongly attenuated acute rejection
in a heart transplantation model in mice [50]. MICs were also
tested in a large animal kidney transplantation model in the pig.
Even the low dose of 1×108 MICs significantly prolonged
mean allograft survival when compared to untreated kidney
recipients [48].

Additional studies revealed that monocytes were the rele-
vant cell population responsible for the suppressive effects.
When the monocytes were depleted from the PBMCs, the
tolerogenic properties were lost [48]. When MMC-treated
monocytes were cultured in the presence of certain cytokines,
the resulting myeloid cells exhibited an immature phenotype
resembling that of myeloid-derived suppressor cells
(MDSCs). Treatment of monocytes with MMC blocks their
differentiation towards stimulatory DCs and at the same time,
confers them immunosuppressive competence, resulting in a
highly effective regulatory myeloid cell type. Following MIC
administration, increased numbers of CD4+CD25+FoxP3+

regulatory T cells (Tregs) were found in the peripheral blood
and spleen of treated animals. In addition, increased Foxp3+

cell infiltration was seen in the rat heart allograft, suggesting a
central role of Tregs in the induction of tolerance. Via adoptive
transfer of peripheral blood cells from tolerant MIC-treated
rats (graft acceptance for at least 70 days) into naïve syngeneic
animals, it was possible to confer the cellular tolerogenic state
to the naïve recipients. Approximately 50 % of the recipients
developed operational tolerance (more than 70 days without
rejection episode) towards heart allografts from the same orig-
inal donor. Depletion of CD4+CD25+Tregs before transfer
abrogated the protective effect [48].

These observations led to the hypothesis of the mode of
action of MIC-induced donor-specific tolerance (Fig. 2). As a
consequence of MMC treatment, monocytes within the
PBMCs are converted into tolerogenic cells, so-called
MMC-induced cells (MICs). MICs are characterized by re-
duced expression of stimulatory molecules but increased ex-
pression of various immunosuppressive genes (Fig. 2). Fol-
lowing injection, MICs accumulate in secondary lymphatic
organs. MICs inactivate antigen-specific T cells and induce
inhibitory CD4+CD25+FoxP3+ Tregs. As MMC causes apo-
ptosis in the target cells, uptake of these apoptotic MIC cells
by APCs blocks their maturation and confers them an immu-
nosuppressive phenotype with the potential to control immune
responses and support Treg formation (Fig. 2).

Based on the promising results of the preclinical investiga-
tions, MICs were applied for the first time in humans as an
individual unique emergency treatment to a young patient
with relapse of acute lymphoblastic leukemia (ALL) with re-
current therapy-resistant rejection of haploidentical stem cell
transplants. At the time when first signs of rejection (of the

third transplant) appeared, the patient received, at a weekly
interval, two transfusions of MICs from the father (109 and
2×109), prepared from CD3/CD19-depleted donor blood
cells. No acute complications attributable to MIC treatment
were observed. Subsequently, continuously decreasing per-
centages of autologous NK , T, and B cells were noted,
resulting in a stable, complete hematopoietic donor chimerism
for more than 1 year. The patient received no further immu-
nosuppressive treatment but was supported with additional
donor stem cell boosts, one mesenchymal stem cell transfu-
sion, and one administration of CMV-specific donor T cells
[48]. Even though this clinical case does not allow us to draw
any conclusion about the effectiveness of tolerogenic MIC
therapy, it clearly demonstrates that MICs can be easily gen-
erated and safely translated into the clinic for human
treatment.

The TOL-1 phase I study

To test the MIC therapy for the induction of donor-specific
tolerance, a single-center phase I clinical study in living-donor
kidney transplantation will start in summer 2015. A brief de-
scription of the study design is given in Fig. 3. In addition to
MIC therapy, all patients will receive standard immunosup-
pressive therapy.

Advanced therapy medicinal products
and European Community regulations

In the last years, immunotherapies, particularly cellular thera-
pies, increasingly gained interest for the treatment of cancer
patients and autoimmune diseases and for purposes of regen-
erative medicine. However, in order to make these new inno-
vative cellular therapies available for patient applications in
form of authorized therapies on the European or national mar-
kets or for use in clinical trials or compassionate treatment
programs, a strict regulatory framework established in the Eu-
ropean Community (EC) and in its member states has to be
fulfilled. For the entire EC, the European Medicines Agency
(EMA) with its advisory Committee for Advanced Therapies
(CAT), represents the competent authority. In Germany, the
Paul-Ehrlich-Institut (PEI) is the national competent authority
(NCA) for biological medicinal products whereas the regional
authorities (Regierungspräsidium, RP) are responsible for the
supervision of the entire manufacturing process in order to
ensure quality, efficacy, and safety of medicinal products.

The development of an investigational medicinal product
(IMP) for innovative cellular therapies according to the EC
and national regulations is time-consuming and cost-inten-
sive. First of all, intensive preclinical studies have to be per-
formed. When proof of concept has been shown, the
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Fig. 1 Induction of donor-specific tolerance by prophylactic administra-
tion of donor-derived mitomycin C-induced peripheral mononuclear
blood cells (MICs) in an allogeneic heart transplantation in the rat. a A
rat heart (strain Dark Agouti, DA) heterotopically transplanted into the
abdomen of an allogeneic recipient (Piebald Virol Glaxo, PVG) will be
rejected within 8 to 10 days. b Transfusion of the recipient with peripheral
blood cells of the donor shortly incubated with the chemotherapeutic
agent mitomycin C (MICs) 1 week prior to transplantation (day −7) leads

to significant prolongation of allograft survival and even induces toler-
ance of the transplant in 50 % of the recipient animals. c The induced
tolerance is donor-specific, since only those allografts are protected from
rejection, which are derived from the same rat strain as the original blood
donor strain (PVG). Transplants from a further, third-party donor strain
(Brown Norway, BN) are rejected in a normal fashion as in untreated
controls shown in panel a

Fig. 2 Mode of action of mitomycin C-treated peripheral blood cells
(MICs) for the induction of donor-specific tolerance in allogeneic organ
transplantation. Short incubation of peripheral mononuclear blood cells
(PBMCs) with mitomycin C (MMC) induces the generation of
tolerogenic myeloid cells (MICs). These cells are characterized by low
expression of immunostimulatory surface molecules, such as CD80,
CD83, CD86, and HLA-DR, as well as the upregulation of immunosup-
pressive genes, such as arginase-1 (arg-1), inducible nitric oxide synthase
(iNOS), interleukin (IL)-10, transforming growth factor (TGF)-β,

cyclooxygenase (COX)-2, and the transcription factor C/EBPβ. MICs
directly inactivate alloreactive T lymphocytes and induce the develop-
ment of CD4+CD25+FoxP3+ regulatory T cells (Tregs) capable of sup-
pressing harmful immune responses. In addition, MMC induces apopto-
sis in its target cells. MMC-treated apoptotic donor cells are taken up by
recipient antigen-presenting cells (e.g., immature dendritic cells)
preventing their maturation towards immunostimulatory cells. In turn,
these immature myeloid cells exhibit an immunosuppressive phenotype
inhibiting immune activation and promoting Treg formation
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investigational cellular approach can be translated from bench
to bedside at a good manufacturing practice (GMP) unit in
compliance with the legal requirements. This means that only
GMP grade substances, reagents, and materials are allowed to
be used. The manufacturing process, all devices, the GMP
clean room facility, and the personnel have to be established,
trained, and validated. External service providers and labora-
tories have to be audited and particular agreements reached
and contracts concluded. Most importantly, various applica-
tions regarding the use of the advanced therapy medicinal
products (ATMP) preparation have to be filed at the appropri-
ate governmental and institutional authorities to eventually
obtain (1) the approval to perform a clinical phase I study (at
the PEI), (2) the manufacturing license (at the RP), and (3) an
ethical vote (from the ethics committee at the study site).
Therefore, the preparation of a detailed study protocol, an
investigator’s brochure (IB), an investigational medicinal
product dossier (IMPD), extensive validation documents,
and numerous standard operating procedures (SOPs) is
required.

When preparing the documents for an investigational me-
dicinal product (IMP), one has to determine whether the cel-
lular approach is considered as an advanced therapy medicinal
product (ATMP). The classification of a medicinal product is
of major importance because it determines the procedure of
authorization, i.e., for ATMPs, a centralized marketing autho-
rization enabling a free movement of ATMPs within the EC.
Based on the novelty and complexity of ATMPs, special har-
monized regulations have been established in the EC [Regu-
lation (EC) no. 1394/2007] and introduced into the national
l aw o f t h e G e rma n Med i c i n a l P r o d u c t s A c t
(Arzneimittelgesetz, AMG). For developers of ATMPs within
Germany, the Innovation Office at the PEI offers regulatory
and scientific advice for the classification and development of
ATMPs and provides contact to the EMA, to the coordinating

centers for clinical trials (Koordinierungszentren für Klinische
Studien, KKS), to the institute for quality and efficiency in
health care (Institut für Qualität und Wirtschaftlichkeit im
Gesundheitswesen, IQWiG), and to the Federal Joint Commit-
tee (Gemeinsamer Bundesausschuss, GBA).

Furthermore, not only regulatory requirements have to be
fulfilled for the availability of medicinal products for patients
but also on the long run, financial and economic support by
the health insurance funds (Gesetzliche Krankenversicherung,
GKV) have to be provided. The GBA, as the highest decision-
making body in Germany of physicians, dentists, hospitals,
and health insurance funds (GKV), issues directives specify-
ing which services in medical care are reimbursed by the
health insurance funds. Decision of reimbursement might,
among others, also be based on scientific reports of the inde-
pendent study organization IQWiG, which evaluates benefits
and harms of medical interventions like the administration of
ATMPs.

More and more innovative cellular therapies are evolving
and within this context, the regulations and directives in the
EC augment. Hence, it is a long and tedious way from the
original idea of a cell-based therapeutic through its proof of
concept and translation into GMP conform manufacturing up
to the final ATMP approval which might take one decade or
longer. This constitutes an enormous challenge in a global
world which is currently changing almost at an annual basis.
Therefore, it is extremely difficult for both academy and in-
dustry to make a sound prognosis of future development of
products.

Conclusion

Several cell therapeutic approaches for the immunosuppres-
sion after solid organ transplantation are now tested in early

Fig. 3 Protocol for the TOL-1
Study on MIC therapy. Seven
days before transplantation,
PBMCs are retrieved from the
kidney donor. After incubation of
PBMCs with Mitomycin C for
30min, cells are washed. 1.5×108

MICs per kilogram bodyweight
are infused to the recipient. Seven
days later, recipients receive a
kidney allograft from the same
donor
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phase clinical trials. The transfer of cell therapeutic ap-
proaches from bench to bedside, however, is challenging. Cell
therapeutic approaches must show their safety and efficacy
and the application of these therapies must be feasible in clin-
ical routine. An elegant approach to immunosuppression by
MIC cells had recently been introduced and is now tested in a
clinical phase I study.
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