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Abstract

The prevalence of chronic kidney disease and end stage renal disease (ESRD) is increasing
each year and currently the best therapeutic option for ESRD patients is kidney
transplantation. However, although short-term graft outcomes after transplantation
have improved substantially due to new and more potent immunosuppressive drugs,
the long term survival has hardly changed. This is most likely caused by a combination
of non-immunological side effects and sustained alloreactivity to the graft resulting
in fibrosis. In addition, current immunosuppressive drugs have side effects, including
nephrotoxicity, infections and malignancies that compromise long-term outcomes.
Consequently, there is a strong interest in immunosuppressive therapies that maintain
efficacy, while reducing side effects. As mesenchymal stromal cells (MSCs) have potent
anti-inflammatory and anti-fibrotic properties, these cells are of particular interest as
new candidates in transplant recipients. MSCs might play roles in the treatment of
allograft rejection and fibrosis and in calcineurin minimization and induction protocols.
In the present review we discuss both preclinical as well as clinical evidence of their
therapeutic potential in kidney transplantation. In addition, challenges and obstacles for

clinical translation will be discussed.
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Introduction

Chronic kidney disease (CKD) is a common disease in the western population as at least 8% of
this population has a degree of CKD, placing them at a moderate to high risk to develop kidney
failure'. This figure is increasing each year due to an aging population and an increase in the
prevalence of chronic (reno) vascular morbidity and diabetes. If the present trend continues, the

number of people with CKD will double over the next decade.

Although there are strategies to slow down the progression to end stage renal disease (ESRD),
there are currently no therapies to cure CKD, therefore approximately 5% of patients with a
diminished kidney function will progress into ESRD with the need of renal replacement
therapy®. Currently the best therapy for these patients is kidney transplantation as this improves
the life expectancy and quality of life of ESRD patients.

In transplanted patients, the graft survival rate has increased in the last decades to over 90%,
mainly due to the reduction of acute rejection within the first year after transplantation. However,
long term graft survival has remained unaltered over the last two decades °. Both immunologic
and non-immunologic factors contribute to the development of fibrosis in the allograft, including
ischemia reperfusion injury (IRI), ineffectively or untreated clinical and subclinical rejection,
superimposed calcineurin inhibitor nephrotoxicity and exacerbating pre-existing donor disease.
Moreover, long-term systemic immune suppression is increasingly recognized for its numerous
side effects, of which infections and malignancies are the most important. There is therefore a
need for novel treatment strategies to improve both the immunological acceptance of the graft
as well as to prevent fibrosis and foster the regenerative capacity of the transplanted kidney.
Mesenchymal stromal cell (MSC) based therapy shows to be a promising candidate for both

situations as their properties may influence inflammation and fibrosis.

MSC characteristics

MSCs represent a minor fraction of the bone marrow (0.01-0.001% ). They are typically located
perivascularly where they control the vascular bone marrow niche and through differentiation
into osteoblast give rise to the niche for long term repopulating stem cells *. They are easily isolated
from the bone marrow as they adhere to plastic and can substantially proliferate and expand in
culture *¢. Unfortunately there is no specific MSC marker and therefore a set of phenotypic
and functional criteria were proposed by the International Society of Cellular Therapy (ISCT)
including their plastic adherence, trilineage differentiation potential and the expression of the

stromal markers CD73, CD90 and CD105 while being negative for the hematopoetic markers
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CD14, CD34 and CD45’. While several attempts have been made to select a more homogeneous
MSC population by using surface markers such as e.g. STRO-1, there is so far no unique marker
that allows direct MSC isolation and selection. This may be due to the fact that MSCs actively

interact with surrounding cells through microvesicles and exchange of cell components ®.

In addition to the bone marrow a population of perivascular localized MSCs can be found in
several, if not all, organs, including the kidney *!. In the mouse, kidney derived MSCs showed
similar marker expression and differentiation potential compared to bone marrow (bm)MSCs;
however, when looking at mRNA expression profile and in vivo differentiation potential,
these cells appeared strikingly different . These differences may be caused by tissue specific
imprinting during embryogenesis or local cues. This makes kidney ( and other organ) derived
MSCs of particular interest as a new source for renal repair. Bruno et al. showed that kidney
derived MSCs can be isolated from human glomeruli as well. Whether there are differences
between these MSCs and bmMSCs and whether these differences lead to improved renal repair

mechanism needs to be further elucidated .

The ubiquitous presence of MSCs in tissues probably reflects to a large extend the embryological

development of the structure of tissues and has also initiated the isolation and expansion of
P p

MSCs from other tissues for clinical use. These include adipose tissue, umbilical cord and dental

pulp >, We will discuss later the advantages and drawbacks of the use of these sources as

compared to the use of bmMSCs.

Immunomodulatory and reparative functions of MSCs

Due to their perivascular location, MSCs can closely interact with several cell types including
endothelial cells, resident macrophages, dendritic cells (DCs) and recruited inflammatory cells

(figure 1).

The immunomodulatory potential of MSCs is the function most extensively studied. MSCs
interact with several key players of both the innate as the adaptive immune system as extensively
reviewed elsewhere '>'°. In short, MSCs are able to suppress T-cell proliferation and favor the
formation of regulatory T-cells (Tregs). This is in human MSCs to large extent caused by the
secretion of soluble factors including indoleamine 2,3-dioxygenase (IDO), transforming growth
factor B (TGF-pB) and prostaglandin E2 (PGE2) 7. With respect to B-cells the effects of MSC
therapy is more variable and sometimes even contradictory. In the B-cell driven disease systemic

lupus erythematosus (SLE), for example, some studies have shown a beneficial effect of MSC
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therapy on kidney function, complement depositions and the levels of circulating double
stranded DNA '*?, while others did not see an effect on kidney function and survival *! or even

showed a negative effect resulting in increased disease activity '*%.
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Figure 1. Central location of MSCs. MSCs have, due to their perivascular location, interactions
with endothelial cells, stromal cells, tissue resident DCs, macrophages and infiltrating leucocytes.
Because of all these interactions they are central in tissue homeostasis.

MSCs do not only interact with the adaptive immune system but also with components of
the innate immune response. MSCs are, for example, able to interfere with DC migration,
maturation and antigen presentation via secretion of Interleukin (IL)-6, M-CSF, PGE2 and IL-
10 '°. In addition, MSCs have also been shown to modulate natural killer cell (NK cell) responses
2, These effects of MSCs may recapitulate their function in the bone marrow niches, where
one of their main functions is to maintain an inflammatory milieu that allows for progenitor
cell maturation and release of blood cells into the circulation *. It is also important to realize
that part of the regenerative properties of MSCs may depend upon their ability to polarize
the immune system into a reparative phenotype. For example, M2 macrophages have been
identified as tissue reparative myeloid cells in the kidney by producing a cytokine environment
that supports tubular repair and proliferation rather than inflammation . In agreement, genetic
or pharmacological blockade of CSF1 decreases M2 polarization and subsequently inhibits

recovery from acute kidney injury %.
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It is becoming, however, increasingly clear that MSCs do not always display this anti-
inflammatory phenotype. It turns out that in fact MSCs, like many cells of the immune system,
can be polarized both into an anti-inflammatory (MSC2) phenotype or a pro-inflammatory
(MSC1) phenotype ( for review see 7). The immunosuppressive phenotype of MSCs depends on
exposure to interferon-gamma (IFNy), which in the presence of other inflammatory cytokines
( such as TNFa, IL-1a or IL-1b) induces nitric oxide synthase (iNOS) in the case of rodent
MSCs or IDO in the case of human MSCs. In the absence of IFNy or iNOS/IDO, the MSCs can
actually turn into immune competent cells . Obviously this imposes an important challenge
to the clinical administration of MSCs. Dependent upon the timing and the local milieu where

they home to, they may lose their immunomodulatory properties.

MSCs also interact directly with endothelial cells via the production of paracrine factors
(including vascular endothelial growth factor (VEGF) and angiopoietin 1 (ANG-1)) with the
aim to stabilize and maintain the microvascular architecture and thus tissue perfusion **. Not
only paracrine mechanisms but also cell-cell contacts are of importance for vessel stabilization.
As an example, knock down of the a6p1 integrin receptor in MSCs leads to decreased capillary
sprouting and failure of vessels to associate with nascent vessels **. Of note, perivascular MSCs
may probably, beyond the point of regeneration, also contribute to fibrosis. Indeed, Humphreys
et al showed using lineage tracing studies of FoxD1* pericytes, that perivascular stromal cells can
transform into myofibroblasts upon severe kidney injury, and contribute to renal fibrosis as a last

resort repair mechanism *'.

In summary, MSCs are ubiquitous perivascular stromal cells that regulate tissue homeostasis.
When primed by the adaptive immune system they can induce polarization of the immune
system towards down regulation of inflammation and vascular stabilization. However, it is
important to realize when applying these cells as a potential therapy, that without the proper
priming components of the innate immune system MSCs can turn into cells that can activate the

immune system and drive fibrotic repair.

MSC therapy in experimental models of kidney disease and transplantation

In several experimental models of kidney disease and transplantation, MSC treatment enhanced
tissue repair and reduced fibrosis as reviewed in a meta-analysis elsewhere . Although there
is a large variation in disease models, source (human/animal MSCs), amount, timing and
administration route of MSCs in these studies, in general there is a benefit of MSC therapy *.
Interestingly, MSC infusion in a transplantation setting may not only reduce the inflammatory

reaction but may also induce a state of allograft tolerance. In a sensitized murine kidney
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transplantation model for instance, MSC infusion prior to transplantation resulted in long
term graft survival, up to 60% for more than 2 months, while in control animals all grafts were
rejected at 10 days post transplantation. There was a donor specific T-cell hypo responsiveness
and an increase in Tregs in the mice who received the MSCs pre-transplantation. However,
when MSCs were infused post-transplantation this effect was not seen and in fact, there was a
decrease in kidney function after MSC infusion, indicating that the timing of infusion (and thus
the environment) is of importance for MSC treatment *. In another murine kidney allograft

model the soluble factor IDO was shown to be crucial for long term allograft survival *.

Itis thought that most of the aforementioned effects of MSCs are caused via paracrine mechanisms,
including growth factors, microvesicles and other soluble factors such as IDO, vascular
endothelial growth factor (VEGF) and insulin-like growth factor (IGF) **. As demonstrated by
Eggenhofer et al,, i.v. infusion of murine bone marrow MSCs lead to accumulation in the lungs,
where they disappear within 24h. This suggests that their local effects are endocrine or paracrine
and transferred to other cell types, and this interaction may be crucial for the long term effects
of MSCs .

MSCs in clinical trials: a bridge too far?

Bianco et al. criticized the ongoing clinical trials with MSCs as they argue that MSCs are not
precisely enough characterized and are not bona fide stem cells *. They stated that the MSC
population is too heterogeneous with the current characteristics as defined by the ISCT * and
with these characteristics the clonogenicity and in vivo trilineage differentiation potential is not
proven. Moreover, they argue that although there is enough evidence for MSCs as a skeletal stem
cell, there is hardly any evidence for their immunomodulatory and tissue regenerative potential

and because of these uncertainties they suggest more preclinical research before clinical trials.

However, for immunomodulatory functions MSCs may not need to fulfill the stem cell criteria.
In fact, the word mesenchymal stem cell is misleading and the term mesenchymal stromal cell
should be used instead. These mesenchymal stromal cells have a supportive role in all organs
including tissue homeostasis and immune suppression, independent of their stem or progenitor
potentials. And although the exact mechanisms of actions are still largely to be elucidated, both
the preclinical and clinical data suggest immune suppression and a role of MSCs in kidney repair
as summarized above. Therefore to our opinion, this should not be a limiting factor to perform
clinical safety and feasibility studies. While animal studies may give some insights into safety
and feasibility, the value of these studies is limited *>** probably due to the fact that genomic

responses in mouse models poorly mimick human inflammatory diseases *. There is thus a need
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for proper study designs with more standardized cell isolation, culture and infusion protocols
and clinical trials should not only focus primarily on clinical outcomes but also on mechanisms

of action and safety of MSC therapies.

Clinical studies using MSCs in kidney transplantion

In renal recipients, MSCs may be included in induction protocols, in the treatment of allograft
rejection and fibrosis, and in calcineurin minimization protocols. The first phase I studies have
been performed and are summarized in figure 2. Early studies focused on the role of MSCs
in induction protocols. In a pilot study exploring safety and clinical feasibility 2 living-related
kidney recipients were infused with bmMSCs 7 days after transplantation . MSC infusion was
shown to be feasible, allowing enlarging of Tregs in the peripheral blood and control of memory
CD8+T cell function *. However, both patients showed a rise in serum creatinine 7-14 days
after MSC infusion where a kidney biopsy excluded rejection but showed a focal inflammatory
infiltrate. After treatment with methylprednisone there was a recovery of kidney function and
1 year-post transplantation the renal function of both patients was stable. As a nice example of
‘from bedside to bench and back to bedside’ development of new treatment strategies, the same
group showed in a murine transplant model that MSC administration 1 day prior to kidney
transplantation, opposed to post transplant administration, did not give graft dysfunction and in
fact was able to induce tolerance *. Therefore in the second study, also including 2 living related
kidney recipients, pre-transplant infusion of autologous MSCs were given. No engraftment
syndrome or increase in serum creatinine levels were seen, although in one patient an acute
cellular rejection occurred 2 weeks post-transplantation. This may, at least partly, be triggered by
withholding basiliximab induction as the authors wanted to exclude an effect of basiliximab on
Treg expansion. However, compared to previously described patients and controls there were no
differences in Treg counts with or without basiliximab induction. Comparable to the 2 patients
described in the previous study, in these two patients a subtle decrease in memory CD8 T cells

was seen as well 6,

In a larger randomized study by Tan et al, the effect of autologous bmMSC infusion was studied
asan alternative to anti-IL-2 receptor antibody for induction therapy in adults undergoing living-
related donor kidney transplants . MSC infusions were given on the day of transplantation
just prior to surgery and at day 12, and were combined with triple therapy, both with standard
dose calcineurin inhibition as well as with a lower dose. The rejection rate with MSC induction
appeared lower (8 %) as compared to induction therapy with IL2 receptor blockade, which was

relatively high at 20 %. Importantly, rejection rates increased from 6 to 12 months up to 17 %
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Figure 2. The set-up, timeline and results of the first clinical trials with MSC therapy for kidney
transplantation. 1: MSC infusion. Tx: transplantation, BAS: basiliximab, ATG: antithymocyte
globulin, CNI: calcineurin inhibitor, CP: cyclophosphamide, i.v.: intravenous, i.r.a: intra renal artery

in the MSC arm, which may be related to the fact that initial depleting induction therapy was
withheld. Moreover, the final rejection rates were substantially higher than what is usually

observed in e.g. standard immune suppression regimes such as used in the Symphony study *.

In our own phase I clinical trial, safety and feasibility of autologous bmMSC therapy was tested
in subclinical rejection and/or in interstitial fibrosis and tubular atrophy (IFTA) *. Protocol
biopsies were taken at 4 weeks and 6 months after transplantation and when these showed either
subclinical rejection or IFTA, MSC therapy was given. MSC treatment showed to be feasible
and there were no therapy related serious side effects. Two kidney recipients with a biopsy

proven subclinical rejection showed a resolution of tubulitis without IFTA after MSC infusion.
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Moreover, 3 out of in total six patients developed opportunistic infections after MSC therapy and
in 5 patients a donor-specific down regulation of peripheral blood mononuclear cell (PBMC)
proliferation was seen, all indicative of an immune suppressive effect of the MSCs in subclinical

rejection and IFTA.

All studies listed above are performed with autologous, thus patient derived, MSCs. One study
explored whether donor derived MSCs can also be used in transplant recipients. The investigators
demonstrated that donor derived MSCs combined with low dose tacrolimus was safe and that
patients who received MSCs had a similar renal function compared to controls with normal
dose tacrolimus. There was no leucocyte chimerism after 3 months. There were almost no
differences in leucocyte profiles and proliferation upon stimulation except an increase in B-cell
levels in the MSC group compared to the control. Interestingly, in this study donorMSCs were
first administered via the renal artery directly after reperfusion and secondly i.v. one month
after transplantation *. Unfortunately the group size is too small to draw conclusions about both
the method of administration and the potential advantages or disadvantages of donor derived

compared to patient derived MSCs.

Aninteresting concept is to use MSCs as a means to minimize immune suppression. In our center,
we have now embarked on a study to test the hypothesis whether MSCs in combination with a
mTor inhibitor will facilitate tacrolimus withdrawal, reduce fibrosis and decrease the incidence
of opportunistic infections compared to standard tacrolimus dose [NIH Gov NCT02057965].
Interestingly, in experimental studies the combination of mTor inhibitor and MSCs were shown
to attenuate alloimmune responses and to promote allograft tolerance *'. Indeed, combination
therapy of MSCs and low-dose Rapamycin (Rapa) in a murine heart allograft model achieved
long-term heart graft survival (>100 days) with normal histology. The treated recipients readily
accepted donor skin grafts but rejected third-party skin grafts, indicating the establishment of
tolerance. Tolerant recipients exhibited neither intragraft nor circulating antidonor antibodies,

but demonstrated significantly high frequencies of both Tol-DCs and Tregs in the spleens *'.

Current MSC based trials (table 1) assessed mainly feasibility and safety issues. To document
the induction of immune suppression after the treatment and to correlate the presence and
magnitude to clinical outcomes, is of major importance to be able to monitor immune responses
in MSC treated patients. This is crucial to help the clinician with critical issues including
safety, dosage, frequency and timing of MSCs and might provide mechanistic insight. A first
important step is the validation and standardization of the assays used for immune monitoring,
which will facilitate fair and meaningful comparisons between trials. Interestingly, the One

Study Consortium, which recently initiated a serie of clinical trials aimed at using different
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cell therapies to promote tolerance to renal allografts, developed a robust immune monitoring
strategy including procedures for whole blood leukocyte subset profiling by flow cytometry.
Local performance and central analysis of this panel yielded acceptable variability in a
standardized assay at multiple international sites and panels and procedures might be adopted

as a standardized method in monitoring patients in clinical trials *2.

Challenges and obstacles in clinical studies that use MSC

If all the preclinical and clinical data are taken together, MSC therapy in kidney transplantation
appears promising. There are however important considerations and concerns that need to
be addressed. There is, for example, little known about the best source, timing, dosage, route
of administration and frequency of cell administration. Besides, there is a need for more
information regarding the safety concerns when using MSCs as cell therapy. In addition, there

is discussion about the best early study design. These important issues will be described below.

1] Culture conditions for MSC isolation and expansion

Since the bone marrow contains only 0.001-0.01% primary MSCs, significant ex vivo amplification
and culture is needed. There is a large variation in culture and isolation techniques of MSCs used
in the clinical trials so far. Although most research have been performed with MSCs isolated and
expanded on tissue plastic, the culture and cryopreservation protocols differ to large extent as
reviewed extensively in previous reports®. For example, MSCs are mostly cultured in 5% platelet
lysates while some use 10% fetal calf serum. MSCs grown in platelet lysate based medium in
general grow faster although there are large variations when platelets from different donors are
used **. The use of standardized media and culture conditions is required to minimize variability

and increase reproducibility.

2] Sources of MSCs

Most clinical studies up till now have studied the effect of bmMSCs. Another source of MSCs in
clinical studies is the adipose tissue. Adipose tissue derived MSCs (ASCs) exhibit at first glance the
same characteristics and immunomodulatory potential compared to bmMSCs. In experimental
models of solid organ transplantation both bmMSCs and ASCs could inhibit rejection and/ or
increase graft survival *****. We have recently made a direct comparison between both cell types
in a humanized skin allograft rejection model and found that both human bmMSCs and human
ASCs were effective in inhibiting skin allograft rejection. Local administration of bmMSCs as
well as ASCs reduced inflammation by inhibiting the recruitment of T cells and decreasing

IFNy, TNFaq, IL-6 and IL-1p expression in the skin grafts®.
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Unfractionated adipose tissue has already been used as a stem cell source in clinical trials by the
company Cytori®, claiming to have a device which can isolate adipose-derived regenerative cells.
The cells isolated with this device have been studied in several clinical trials for cardiovascular
diseases including the APOLLO trial where the cell mixture was injected after myocardial
infarction (MI). In this situation cell infusion gave a 4% increase in left ventricular function
compared to control. It is important to realize that these are not (expanded) ASCs, but a mixture
that includes adipose stromal cells, endothelial progenitor cells, leucocytes, endothelial cells and
vascular smooth muscle cells and therefore most likely adipose MSCs will be part of this mixture
% However, this undefined mixture is very different from characterized adipose tissue derived
MSC expansions and therefore the results from these clinical studies are difficult to relate to

ongoing clinical studies using bmMSC or cultured ASCs.

Another source of MSCs are MSCs derived from the umbilical cord, either from the blood or
from the stroma (Warton Jelly, hWJSCs). hW]SCs can be easily harvested from the umbilical
cord, have a higher frequency of proliferation and higher colony-forming unit capacity compared
to bmMSCs while having the same immunomodulatory potential. Therefore, as isolation of
hW]JSCs is non-invasive as opposed to the bone marrow aspiration to acquire bmMSCs and
have a higher gain in cell numbers, hWJSCs can easily be banked and may in the end be a very

attractive source of MSCs for clinical purposes ©.

3] Autologous or allogeneic MSCs

Until now most studies have used autologous cells. However, due to the expansion period,
quality controls and logistics, it takes several weeks to months to manufacture autologous cells,
which is a long time for patients in need for treatment. Allogeneic MSCs offer the advantage of
availability for clinical use without the delay required for expansion. This is of major importance
in the case of indications where the treatment is needed without delay, for example in calcineurin
toxicity and allograft rejection. In these indications autologous therapy would only be possible
when the cells are harvested in advance, however this is very costly and limits this approach
more or less to patient designated therapy. Another theoretical benefit of using allogeneic MSCs
is that the age of the donor is controlled, and cells can be selectively derived from young donors.
This is important because MSC number and functionality have been shown to decrease with
age. Indeed, MSCs derived from older donors showed longer population doubling times, less

proliferation and a decrease capacity for osteoblast differentiation *.
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Because of these disadvantages of autologous MSCs, several (even large multi-centre phase III)
studies switch to “off the shelf” allogeneic MSCs in diseases as GvHD, autoimmune diseases
and vascular diseases . The basis of this switch to use allogenic MSCs for clinical application is
the assumption that MSCs do not express HLA class II molecules and costimulatory molecules
and have such immunosuppressive properties that they can avoid immune responses entirely,
thereby avoiding rejection of the cells. Whether this assumption is based on enough data is
extensively reviewed elsewhere . While multiple patients have received allogeneic MSCs in
several clinical trials without adverse events related to anti donor immune response, suggesting
that no acute immune mediated complications occur, it should be noticed that these were not
immune compromised patients such as transplant recipients. At the same time preclinical
literature is suggesting that allogeneic MSCs, because they do express HLA class I molecules, can
give rise to donor specific T cell and antibody responses. In transplantation there are conflicting
preclinical results regarding allogeneic MSCs. Some preclinical studies showed an accelerated
graft rejection after allogeneic MSC administration ® while others showed that allogeneic
MSCs can work synergistically with immunosuppressive drugs and promote graft survival '¢*+4.
Within the transplantation setting only one clinical study investigated allogeneic, donor derived
MSCs %, however, unfortunately the authors did not look into whether HLA specific antibodies

were produced.

In transplantation, the use of specific criteria when applying allogeneic MSCs may minimize the
risk of sensitization, these include no sharing of HLA type between MSCs and the kidney donor,
and absence of antibodies of the recipient to the MSCs. In addition, immune responses and
incidence of allograft rejection, which could be elicited by allogeneic MSCs should be accurately
monitored during the course of the study *. These assays should include the development of
donor specific HLA antibodies (DSA). Alloantibody assays of serum represent a relative simple
and highly sensitive means to examine immunogenicity of allogeneic cells and are used routinely
in clinical transplant practice to avoid potentially catastrophic antibody-mediated rejection. The
importance of these de novo HLA specific DSA as a major cause of allograft failure in the long
term has recently been confirmed in numerous studies “%. In most studies, the incidence of
these de novo DSA is below 15% . Recently, it was shown that DSA with the ability to activate
complement, as determined by this novel Clq assay, are associated with greater risk of acute
rejection and allograft loss . Indeed, assessment of the complement-binding capacity of donor-
specific anti-HLA antibodies appears to be useful in identifying patients at high risk for kidney

allograft loss.
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4] MSCs derived from patients with renal disease

As most trials use autologous MSCs, differences in donors can give rise to variations in MSC

behavior.

As the first studies with MSCs have been performed with autologous MSCs the question whether
kidney function influences the quality and the potency of the MSCs had to be addressed.

We showed that bmMSCs derived from ESRD patients have similar growth potential,
characteristics and immunomodulatory potential compared to bmMSCs from healthy controls
7, This was also reported for human ASCs from patients with renal disease ”'. Others however,
showed that exposure to uremic serum gave functional incompetence of murine MSCs 7> and
an osteoblast like phenotype in human bmMSCs 7. Both studies, however, exposed MSCs from
healthy donors to uremic conditions and not MSCs derived from renal disease patients. In the

latter, at least for ASCs, no effect of exposure to uremic serum was seen ”.

5] Timing, dosage, route and frequency of administration of MSC infusion

Besides differences in MSC isolation and expansion techniques, there is also variation in timing,
dosage, route and frequency of administration between different trials. Which factors are

important still largely remains to be elucidated.

That these factors can be important is illustrated by looking at the timing of MSC infusion. In a
mouse model of graft versus host disease (GvHD), MSCs were most effective when administered
after the onset of disease and had no protective effect when administered at the day of bone
marrow transplantation, suggesting a pro-inflammatory environment is necessary for MSCs to
polarize into an anti-inflammatory phenotype . In contrast, in kidney transplantation, both the
preclinical studies as the two clinical trials of Casaraghi and Perico et al. showed a decrease in
kidney function when MSCs were administered within a week post transplantation (therefore
still in a pro-inflammatory environment after surgery) while this was not seen when MSCs were

infused one day prior to transplantation >4,

Next to the timing also the cell dose should be addressed. In GvHD patients, doses of 0.4x10°
to 9 x10°BM MSC per kg body weight have been tested 7*. Doses from 0.8 x 10° were effective,
but no clear dose-dependent effect was obtained. In patients that underwent myeloablation,
infusion of 1x10°and 2.2x10° MSC per kg body weight showed no toxic effects 7. Trials in
Crohn’s disease patients are currently testing doses of 2 x 10°and 8 x 10° bmMSCs per kg body
weight, or amounts of 600x10° and 1200x10° MSC per patient °. In the POSEIDON trial the
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effects of both autologous and allogeneic MSCs were tested in ischemic cardiomyopathy, three
different doses were evaluated (resp. 20, 100 and 200x10° cells). Interestingly, although all doses
improved cardiac function and quality of life, the lowest dose of 20 x10° was more effective
than the highest dose of 200 x10°7”. Of note, as this differs from previous swine studies where
the higher dose was more potent, this emphasizes the differences between animal models and

humans and the drawback of translating animal data into clinical trials’.

Doses of MSC in renal transplantation so far have chosen above what is considered the minimal
effective dose, and below a potential toxic dose. Doses of 0.7-2 million cells/kg per infusion
were feasible and suggestive for immunosuppression *. In particular within the transplantation
setting dose finding is of importance as, comparable to other immunosuppressant therapies, a
balance between immune suppression to avoid rejection and over immune suppression resulting

in opportunistic infections and a higher risk of malignancies has to be found.

Most trials in kidney transplantation up till now have used intravenous administration of
cells. In the study of Peng et al. they investigated the direct administration of MSCs within the
renal artery, but as the group size is small and donor derived MSCs are delivered as opposed
to the autologous MSCs in the other trials, it is not possible to draw conclusions about which
route of delivery is more potent *. Next to injection of MSCs into the vasculature, MSCs could
also be directly injected into the kidney or underneath the kidney capsula, in line with the
intramyocardial and transendocardial delivery for cardiac diseases. However, even in cardiac
diseases it still remains to be elucidated which method is favorable as there are only a few studies

comparing different routes of administration and the results are conflicting ™.

In addition, the frequency of MSC injections is something which should be addressed.
Interestingly, in children with steroid resistant graft versus host disease a long lasting response
was hardly observed in patients who received one infusion, while most responders had 2 or
more infusions . Whether multiple infusions are also necessary in the transplantation setting
still needs to be further investigated. The studies currently published all use one to two infusions
and the time in between these infusions also varies between studies (fig 2). However, as group
sizes are small and protocols differ, it is also difficult to draw conclusions about the frequency
of MSC therapy.
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6] Potential risks

The potent progenitor as well as the immunomodulatory characteristics of MSCs carry inherent
safety risks, including too much immune suppression, tumorigenicity and ectopic tissue

formation as reviewed elsewhere 3.

As MSCsare particularly known for their immune suppressive functions alogic side effect of MSC
therapy would be over immune suppression. This could also be seen in our phase I trial, where 3
out of 6 patients developed opportunistic virus infections after MSC infusions that are typically
associated with too much immune suppression. These included BK nephropathy, primary
CMYV infection more than 6 months after valganciclovir prophylaxis had been discontinued,
and one concerned a CMV reactivation. Of note, in none of the patients that received MSCs
regular immune suppression was lowered when the MSCs were given, as they all had signs of
rejection or IFTA in the biopsy *. In contrast, in the trial of Tan et al. the investigators observed a
reduction of opportunistic infections after MSCs therapy. However, CMV donor recipient status
was negative in 151 of 154 patients, probably explaining the low incidence of CMV infections in

their population .

As MSCs can also exhibit a pro-inflammatory phenotype it is of importance to monitor the safety
and immune function of MSCs prior to transplantation. Therefore the ISCT-MSC committee
has recently proposed standardized methodology and immune assays for MSC isolation and
verification of immune suppressive function prior to transplantation with the aim to achieve
safe, comparable and unambiguous results on MSC efficacy in clinical trials®'. Allogeneic MSCs
have the highest risk of immunogenicity ® and anti-donor responses should be monitored

accurately as reviewed above.

There has been initial concern with respect to the risk of malignant transformation during
the expansion period. More recently, genetic features of MSCs expanded with fetal calf serum
(FCS) or with platelet lysates (PL) were tested in 4 cell-therapy facilities during 2 multicenter
clinical trials. In this study, some transient and donor-dependent recurring aneuploidy was
detected in vitro, independently of the culture process. However, MSCs with or without
chromosomal alterations showed progressive growth arrest and entered senescence without
evidence of transformation either in vitro or during a 8 week follow up after infusion in immune
compromised mice *. There is also the risk that genetically normal MSCs may promote the

growth of pre-existing tumors. MSCs can be targeted to the tumor by soluble factors such as
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stromal cell-derived factor 1 (SDF-1), platelet derived growth factor a (PDGF-a) and VEGF and
may be conditioned into tumor-resident MSCs, which can promote tumor growth via e.g. CCL2,

thereby recruiting immunosuppressive macrophages'.

The immune suppressive properties may also decrease immune surveillance of tumors. This is of
particular importance in transplant recipients, who, due to the use of immune suppressive drugs
already have an increased risk in developing malignancies. Therefore it will be hard to link the
development of carcinomas to the use of MSC therapy in transplant recipients. It is clear that
long term follow up should be performed in MSC treated patients and one should discuss the

extent of screening protocols which should be applied before MSC infusions.

Early study design: small cohorts of patients or large clinical studies

Uncertainties regarding the above mentioned issues raise the question what study design is
most suitable in this first phase of clinical trials with MSC therapy and cell therapy in general.
Randomized controlled trials (RCT), although they are considered the most powerful trial set
up, are not designed to pick up signals that infringe patient safety and require large amounts
of patients, making them less suitable for addressing safety considerations and optimizing
treatments in the first stages of clinical trials. Another disadvantage of RCTs is the high risks of
failure in relationship to the costs, particularly in the setting of cell therapy. One therefore has
to consider study designs that harbor adaptive features i.e., changes in design or analyses guided
by examination of the accumulated data at interim points so that studies can be more efficient,
prevent unnecessary exposure to risk and are more informative (e.g., by providing broader
dose-response information)(figure 3). In addition, one could consider establishing registries to
follow up on the long term outcome of patients that have been included in MSC studies. Clearly,
adaptations during the development program may alter trial conduct and consequently result
in a biased assessment of the treatment effect. An Independent Data Monitoring Committee
(IDMC) that has well described roles and responsibilities, and that is qualified in methodology
therefore needs to be established for an objective and unbiased assessment of the treatment

effect of the cell product under investigation.

A particular aspect of the clinical development of MSC therapy is that they are considered
an Advanced Therapeutic Medicinal Product (ATMP). This implies that MSCs can only be
administered in either one of 3 possible ways: within the setting of a research protocol, as a
hospital exemption ( for a predefined small number of patients) or as a registered product *.

As MSCs are by definition a heterogeneous cell mixture that lack unique surface markers, this



implies that the actual fabrication process and not the cell type needs to qualify for a registered

status. This would require either the development of randomized clinical trials for each

Clinical translation of MSCs in transplantation

production site, or thorough harmonization of production processes between clinical sites.

Preclinical Clinical
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Figure 3. The pathway of cell therapy from preclinical research to clinical translation. The
value of small animal models for the human situation is limited and therefore preclinical research
should involve the use of human cells in humanized models (such as in transplantation setting a
humanized skin graft model) for a proof of concept in a humanized situation. Clinical studies should
start with small safety and feasibility studies and first continue with an adaptive study design in
order to be able to address dose finding, delivery method and route and frequency of administration

before starting large phase ll trials.
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Future perspectives of cell therapy in kidney transplantation

The focus of cell therapy for kidney transplantation has so far mainly been on MSC therapy. This,
however is something which will probably change within the next couple of years as embryonic
stem cells (ES) and in particular induced pluripotent stem cells (iPS) are interesting new sources
for cell therapy. The NIH center for regenerative medicine recently awarded LONZA Walkersville
inc. to generate induced pluripotent stem cells (iPS) under good manufacturing practice (cGMP)
8 _ Combining this with the recent exciting results showing that iPS cells can be directed to
differentiate into ureteric bud commited progenitor cells ** and that embryonic stem cells can
be directed to both ureteric bud and metanephric mesenchyme, the two main compartments in
nephrogenesis *, gives a new perspective on stem cell therapy in kidney diseases. Either patient
derived iPS or iPS derived from an HLA matched databank can be programmed towards kidney
progenitor cells and administered as cellular therapy. Whether these cells are safe and potent for

tissue repair of course still needs to be addressed, however this new field looks promising.

Another new interesting field is the use of genetically engineered MSCs as a vehicle to deliver
cytokines directly into the microenvironment. Here MSCs are transformed with therapeutic
genes. For example in Huntington disease this technique is described to deliver brain derived
neurotrophic factor and in a rat model of myocardial infarction a novel transfection method
of MSCs to overexpress hypoxia inducible VEGF is described #”#. It would be interesting to
see whether genetically engineered MSCs overexpressing for example anti-inflammatory and
anti-fibrotic cytokines and growth factors will enhance kidney repair more potent compared to
unmodified MSCs.

Concluding remarks

As MSCs can be both anti-inflammatory and anti-fibrotic, they are of particular interest as a
new therapy in kidney disease and organ transplantation. Indeed, in several preclinical models
of kidney disease and transplantation, MSC therapy showed a beneficial effect on renal function
and graft survival. In some models even a state of tolerance was induced. The first clinical studies
with MSC therapy in kidney transplantation showed that MSC therapy is safe and feasible and
the first results are promising. However, there are still a lot of questions to be addressed regarding
optimal timing, dosage, timing and frequency of infusions. In particular because preclinical
data suggest that when MSCs are injected in an anti- or suboptimal inflammatory environment
they might not only be less effective but may also exhibit a pro-inflammatory phenotype and

therefore may even work counteractive. These are important considerations for setting up new
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clinical trials and we therefore recommend to use an adaptive study design for clinical trials with
(mesenchymal stromal) cell therapy. In this manner, trials will be safer, more efficient and more

informative.
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