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Abstract

The past decade has witnessed an outstanding scientific
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production focused towards the possible clinical
applications of mesenchymal stromal cells (MSCs)
in autoimmune and chronic inflammatory diseases.
This raised the need of novel standards to adequately
address quality, efficacy and safety issues of this
advanced therapy. The development of a streamlined
regulation is currently hampered by the complexity
of analyzing dynamic biological entities rather than
chemicals. Although numerous pieces of evidence
show efficacy in reducing intestinal inflammation, some
inconsistencies between the mechanisms of action
of rodent vs human MSCs suggest caution before
assigning translational value to preclinical studies.
Preliminary evidence from clinical trials showed efficacy
of MSCs in the treatment of fistulizing Crohn’s disease
(CD), and preparations of heterologous MSCs for
CD treatment are currently tested in ongoing clinical
trials. However, safety issues, especially in long-
term treatment, still require solid clinical data. In this
regard, standardized guidelines for appropriate dosing
and methods of infusion could enhance the likelihood
to predict more accurately the number of responders
and the duration of remission periods. In addition,
elucidating MSC mechanisms of action could lead to
novel and more reliable formulations such as those
derived from the MSCs themselves (e.g., supernatants).

Key words: Mesenchymal stromal cells; Mesenchymal
stem cells; Inflammatory bowel diseases; Intestinal
disorders; Translational medicine
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Core tip: Mesenchymal stromal cells (MSCs) release
immunomodulatory mediators upon inflammatory
stimuli. This behavior is attractive for the development
of advanced therapeutic strategies applied to several
intestinal disorders where inflammation is a key
pathophysiological feature. In order to assess quality,
efficacy and safety of MSC-based therapy, a novel
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approach to pharmacokinetics/pharmacodynamics (PK/
PD) is mandatory. This must rely on careful assessment
of cell phenotype, signaling and homing mechanisms.
In this regard, experimental models must take
advantage of the most updated knowledge in order
to reflect the PK/PD mechanisms in humans. Finally,
an alternative approach to the “whole-cell treatment”
applies MSC-derived mediators alone in order to avoid
the hypothesized serious adverse events deriving from
a biological entity mostly acting systemically.

Dothel G, Raschi E, Rimondini R, De Ponti F. Mesenchymal
stromal cell-based therapy: Regulatory and translational
aspects in gastroenterology. World J Gastroenterol 2016;
22(41): 9057-9068 Available from: URL: http://www.wjgnet.
com/1007-9327/full/v22/i41/9057.htm DOI: http://dx.doi.
org/10.3748/wjg.v22.i41.9057

INTRODUCTION

Mesenchymal stromal cells (MSCs) were first isolated
from bone marrow as a population of adherent cells,
characterized by a non-phagocytic fibroblast-like
morphology™. Later, MSCs were described in several
different tissues, (bone marrow-derived MSCs):
cartilage, adipose tissue (adipose-derived stem cells -
ASC), tendon and muscle.

The International Society for Cellular Therapy
established 3 minimum criteria that MSCs must fulfill
in vitro: (1) adherence to plastic; (2) expression of
specific surface antigens (CD73+, CD90+, CD105+,
CD34-, CD45-, CD11b-, CD14-, CD19-, CD79a, HLA-
DR-); and (3) differentiation potential (osteogenic,
chondrogenic and adipogenic lineages)™. Considering
this multi-lineage differentiation capacity, MSCs were
first considered as a therapeutic tool in bone and
cartilage diseases, aiming at tissue regeneration. Later,
hematopoietic stem cells (HSCs) transplantation was
tested in facilitating engraftment and treating steroid-
resistant acute-graft-versus-host disease.

More recently, the ability of MSCs to home and
promote tissue repair and counteract inflammatory
status prompted their investigation in a variety of
inflammatory immune-mediated disorders, with about
250 clinical studies already registered!..

Therefore, it is not surprising that MSCs are being
extensively assessed as a possible therapy of intestinal
disorders where inflammation represents a key
pathophysiological feature, especially considering the
epidemiologic burden of inflammatory bowel diseases
(IBDs). There are three intriguing aspects that attract
interest and warrant further investigation to fully exploit
the potential therapeutic properties of MSCs.

First, it is widely accepted that MSCs do not per
se inhibit inflammation, but require activation by an
inflammatory environment in the host to produce
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their immunoregulatory effect. The presence of an
inflammatory environment activates MSCs, which in
turn shift into an immune-suppressive phenotype,
whereas, conversely, the lack of inflammatory
stimuli prompts MSCs to adopt a pro-inflammatory
phenotype®™. In fact, Duijvestein et a/ found that
administration of IFN-y in MSC culture medium increases
their therapeutic potential in a model of trinitrobenzene
sulfonate (TNBS)-induced colitis.

Second, healing properties of MSCs appear largely
dependent on the release of soluble factors and
chemokines produced by the cells themselves and/
or by local microenvironment, while their survival
does not seem necessary for clinical benefit’®: the
detection of biologically active compounds derived
from MSCs implies that a “cell-free” therapy could be
an alternative®,

Third, homing and migration are still incompletely
characterized, but are likely to be influenced by
multiple factors such as age and number of passages,
culture conditions and the delivery method™. Notably,
different studies indicated that intravenous-injected
MSCs are trapped in the lungs upon first passage!'®.

REGULATORY STATUS

From a regulatory standpoint, stem cells are regulated
both in Europe and United States under specific
legislation. In Europe, stem cells can only be used
under two regulatory frameworks: approved clinical
trial or compassionate use, according to the Regulation
1394/2007 of the European Parliament and of the
Council on advanced therapy medicinal products and
amending Directive 2001/83/EC.

Recently, the European Commission launched a
public stakeholder consultation on the draft “Guidelines
on Good Manufacturing Practice for Advanced Therapy
Medicinal Products (ATMPs)” (ending on 26 September
2016). The main purpose is to provide all the
requirements to assure identity/consistency, quality,
safety and efficacy in a way that takes advantage of
what has been learnt in the development of quality
standards of medicinal products of chemical origin,
taking into account the specific requirements of the
ATMP. Importantly, internal audit personnel, formally
designated as “quality personnel”, must certify several
steps of quality control and batch release. Special
provisions regard investigational ATMPs which may
be developed in academic or hospitals and cannot
ensure all the information required in conventional
procedures (e.g., potency). However, risk-based
approach and the application of good manufacturing
processes (GMP) are mandatory regardless the site of
production. Among other indications, blinding of the
cell characterization procedure is suggested in case
of investigational ATMPs, and special provisions are in
place for automated productions!,

November 7, 2016 | Volume 22 | Issue 41 |



Dothel G et a/. Mesenchymal stromal cells and intestinal diseases

Table 1 Across species comparison of the anti-inflammatory action of mesenchymal stromal cell-derived mediators and their

assumed validity as clinical biomarker

Bioactive Mouse Rat G.pig Pig Human Clinical Major mechanisms Ref.
molecule biomarker
TSG-6 X X X NA X X Reduction of IL-6, IFN-y, and TNF-q, [5,18,19,27,72-76]
induction of T-reg lymphocytes
IDO NA X X X Apoptosis of cytolytic lymphocytes, [13,15,16,52,77]
IL-10 induction T-reg proliferation
iNOS X X X Inhibition of effector lymphocytes [13,17]
through IL-10
PGE2 X X X Macrophage conversion to M2 [12,78-80]
phenotype, NK cell inhibition, IDO
induction
1L-10 X X X X X X T-reg lymphocyte Induction [12,13,15,17,19,54,78]
TGF-B X X X X T-reg induction [81-83]
PD-L1 X X X X CD8+ lymphocyte inhibition [12]

Crosses: Major action/validity; NA: Not assessed; TSG6: Tumor necrosis factor-inducible gene 6 protein; IDO: Indoleamine 2,3-dioxygenase; iNOS: Nitric

oxide synthase; PGE2: Prostaglandin E2; TGF-f: Transforming growth factor-f; PD-L1: Programmed death-ligand 1; T-reg: Regulatory T lymphocytes.

PHARMACODYNAMIC ASPECTS -
BIOLOGICAL EFFECTS

The multifaceted immuno-modulating properties of
MSCs, capable of interacting with both the adaptive
and innate immune system, make them an attractive
source to restore immune homeostasis in the gut and
even coordinate tissue remodeling during the healing
process.

MSCs were demonstrated to inhibit in vitro dif-
ferentiation of T lymphocytes into Thl and Th17
cells, suppress cytotoxic T cells proliferation through
secretion of anti-proliferative soluble factors such as
hepatocyte growth factor (HGF), TGF-B, prostaglandin
E2, indoleamine 2,3-dioxygenase (IDO), nitric oxide
(NO) and heme-oxigenase-1 (HO-1). In addition,
MSCs possess the ability to polarize T cells towards
a regulatory phenotype, interfere with differentiation
and maturation of monocytes towards dendritic
cells, induce dendritic cells to acquire a tolerogenic
phenotype, and down-regulate NK activation (Table 1).

Taken together, these findings document the in
vitro properties of MSCs and strongly support their
anti-inflammatory mechanisms involved in IBDs"?.
Importantly, MSC production of IDO depends on
IFNy or TNFa in combination with IL-18. The latter in
turn catabolizes tryptophan producing kynurenins, a
potent T-reg lymphocyte inducer'***, MSC-dependent
induction of IDO correlates with disease rating in
humans>*® and, to a lesser extent, in mice where
MSC anti-inflammatory action is mostly mediated by
iNOS™ (Table 1). Notably, IDO or iNOS-mediated
MSC activity was recently shown to correlate with a
specific phylogenetic tree (Figure 1),

Tumor necrosis factor-inducible gene 6 protein
(TSG-6) mediates MSC action in both mice and
humans!*®*!, Originally, this molecule was extensively
studied for its anti-inflammatory properties associated
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with extracellular matrix rearrangement®® and, more
recently, as an effector of MSCs!'®!, MSC-secreted
TSG-6 decreases NF-«xB in macrophages, which in turn
secretes PGE-2"! (Figure 1). Moreover, MSCs knocked
down for TSG-6 do not exert any therapeutic action.

Unfortunately, TSG-6 production in vitro is scarcely
achieved because of its tendency to form complexes
with hyaluronans. This finding is in line with the
observations of Sala and colleagues, who detected
the formation of intra-peritoneal TSG-6 mediated
aggregates of MSCs in a mouse model secreting IL-10.
As a consequence, the authors question the relevance
of MSC engraftment as a therapeutic mechanism™.

PHARMACOKINETICS ASPECTS -

BIODISTRIBUTION

Whether the anti-inflammatory properties of MSCs are
local or depend on the release of soluble mediators
from a distance is a matter of debate™**,

Intravenous injection of MSCs has been thoroughly
investigated to test the claim that it can restore
tissue function after myocardial infarction**. During
the expansion phase in vitro, the size of cell bodies
tends to increase and this favors their entrapment
in microvessels and capillaries once they are
infused®*”*®, This phenomenon could explain the
extremely high percentage of MSCs localized in the
lung after intravenous injection!®**?°1, Recently, mouse
models have confirmed the pulmonary localization
of MSCsP****, Furthermore, infusion of MSCs led to
pulmonary parenchymal edema and hemorrhage
at the highest dose tested™. Wang and colleagues
proposed an in silico approach to predict the time
course of the localization of MSCs after intravenous
injection in vivo™. Notably, this analysis allowed to
calculate changes in MSC distribution occurring in
disease states entailing loss of function of specific
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Figure 1 Differences in mesenchymal stromal cell mechanisms of action across species: scheme representing engrafted mesenchymal stromal cell acting
at the injured site (upper side) and mesenchymal stromal cell acting at a distance as a reservoir of anti-inflammatory mediators (lower side). Several MSC-
driven mechanisms concur to orientate activated lymphocytes toward the T-regulatory phenotype. TSG-6 enhances proliferation of T-reg lymphocytes and inhibits
secretion of pro-inflammatory cytokines by macrophages, the latter undergoing a phenotype shift toward the anti-inflammatory one (from M1 to M2) driven by MSC-
secreted PGE2. PD-L1 mediate an anti-inflammatory action by cell-cell contact. MSC immunomodulation, acts primarily through the IDO-mediated mechanism in
humans, non-human primates, and pigs; while iNOS acts in mice, rats, hamsters and rabbits, inducing the T-reg proliferation through a mechanism that is still unclear;
TSG-6 is a common effector across species which is assumed to mediate both in situ and remote effects. MSC: Mesenchymal stromal cells; TSG6: Tumor necrosis
factor-inducible gene 6 protein; IDO: Indoleamine 2,3-dioxygenase; iNOS: Nitric oxide synthase; Trp: Tryptophan; PGE2: Prostaglandin E2; TGF-B: Transforming
growth factor-B; PD-L1: Programmed death-ligand 1; HO: Heme-oxigenase-1; HGF: Hepatocyte growth factor; APC: Antigen-presenting cell; T-reg: Regulatory T

lymphocytes; macr: Macrophage; M1-M2 macr. shift: Macrophage shift from M1 pro-inflammatory phenotype to M2 anti-inflammatory phenotype.

organs (e.g., heart failure). In line with other studies,
supply through the hepatic artery was then suggested
as an alternative route of administration to avoid lung
overload™®?,

Intraperitoneal injection of autologous and xeno-
genic (human) MSCs provoked the formation of
clusters, which remained outside the site of injury
without impeding the antiinflammatory potentialt*®>.
Migration and homing are particularly elusive events,
either because their detection relies on in situ analysis
of functional chemokines and because they depend
on a phenotype which can be modified by the initial
phases of cell expansion®®. Importantly, compared
to normal tissue inflamed/injured tissues showed an
increased tendency to attract circulating MSCs!**,
Cell engraftment was reported to be mediated by
VCAM-1 and p-selectin®®!, whereas diapedesis and
extravasion are still unclear, but certainly they are far
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from resembling lymphocyte’s homing capacity™®®.

In light of these findings, the real contribution of MSC
homing capacity to the overall immunomodulatory effect
is questionable since also pulmonary localization could
achieve similar effect. However, ongoing experimental
strategies aim at increasing the percentage of MSCs
which successfully evade pulmonary and kidney capillary
entrapment. As an example, homing receptor CXC-R4
was induced in MSCs by specific culture conditions™” or
viral transfection®®®,

Certainly, in situ action of MSCs in large numbers
may represent an advantage in those therapies aimed
at tissue restitution after inflammation-induced injury.
In particular, local MSC administration was particularly
efficacious in the treatment of perianal fistula, a
complication of Crohn’s disease (CD)™. In addition,
inhibition of pro-inflammatory cytokines and patients
activated T-cell apoptosis was described as a cell-to-
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cell mediated mechanism of MSCs!*®!.

METHODS FOR SORTING, EXPANSION
AND STORAGE: APPLICATION OF GMP

Differently from murine MSCs, which undergo
rapid senescence, human MSCs can be maintained
and expanded in vitro after multiple passages!’.
Number of cells plated, serum and number of
passages can markedly influence MSC phenotype
and immunomodulatory activity, the latter causing
cellular senescence by different mechanisms, the
most important of which is shortening of telomeres. A
careful control of MSC phenotype during the expansion
phase can avoid development of transformed and
oncogenic MSC populations™,

Cryogenic preservation represents an important
aspect to be taken into account to obtain positive
outcomes in clinical trials and reproducibility of
preclinical studies. Enhanced immunomodulation was
reported to be linked to “fresh” MSC preparations
compared to cryo-conserved MSC batches!*?!. In
contrast, Luetzkendorf and colleagues extensively
demonstrated an intact phenotype after MSC thawing
under GMP conditions and a similar activity in the
leukocyte proliferation assay'****. Higher rate of MSC
proliferation can be achieved with hypoxic conditions
in culture, so as to reproduce the niche environment,
whereas IFNy/IFNy + IL1-B pretreatment enhance IDO-
mediated T-reg expansion!®**4,

Recent efforts were focused on innovative methods
for MSC expansions, which apply microcarriers to
increase the surface for cell adhesion in bioreactors.
This apparatus allows the large-scale production needed
for the formulation of commercial products™® . The
application of this novel technology highlighted the
need for further standard in-culture conditions aimed
at stabilizing MSC phenotype. These include medium
flow rate, sheer tension™® and cell-microcarrier
interactionst™.

Finally, since MSC cultures are generally prone to
be contaminated by leukocytes and because of the
markedly unstable phenotype of MSCs under different
lab methodologies, a number of recommendations
has been released on the use of MSCs for therapeutic
purposest**>!,

BIOMARKERS IN THE DEVELOPMENT OF
MSC-BASED THERAPY

Due to the multiplicity of ligand-receptors systems and
indirect mechanisms of action entailed in cell-based
therapies, classical pharmacological standards are
hardly applicable.

Considering systemic treatments, IDO-mediated
serological shift of T-cells toward a regulatory pheno-
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type has been indicated as a reliable mechanism
in clinical studies; therefore the rate of tryptophan
catabolism by increased concentration of kynurenin
might be of value as a biomarker, or in alternative,
serum concentration of IDO (Table 1).

On the contrary, clinical studies on TSG-6 serum
concentrations after infusion of MSCs are still lacking.
Concomitant observations by different research groups
showed inconsistent levels of MSC-secreted TSG-6,
which could depend on different culture conditions!'®.
Therefore, this could lead to consider TSG-6 as a
biomarker of efficacy of MSC preparation rather than
a clinical biomarker, together with IDO or even a novel
bioactive compound per set'®>,

MSC APPLICATION IN INTESTINAL
DISEASES

Animal models of colitis transferred with human MSCs
or autologous MSCs show marked improvement of
bowel wall architecture and the overall immunological
parameters!’1%31:324033361 " Haowever, given the afore-
mentioned species-specific differences with rodents,
shared biomarkers such as TSG-6 should be evaluated
for further proof of concept studies. Moreover, the
dinitrobenzene (DNBS) or TNBS model should be
preferred over the dextran sodium sulphate (DSS)
model for investigational studies on acquired immunity,
since the former mimics more closely features of human
chronic inflammation®”’,

CLINICAL EVIDENCE: A CRITICAL
APPRAISAL

Inflammatory bowel diseases (IBD) are characterized by
chronic recurrent intestinal inflammatory episodes and
an exaggerated immune response to luminal antigens.
IBD include ulcerative colitis, where inflammation
is localized to the colonic mucosa, and CD, where
inflammation extends to the entire intestinal tract with
focal mucosal inflammation™®. Complications of CD
include transmural inflammation, fistula, bowel wall
thickening/strictures and extra-intestinal inflammatory
manifestations. As IBD entails aberrant cell-mediated
immune response, MSC-based therapy is increasingly
considered as a potentially valuable therapeutic
strategy.

At present, HSCs and MSCs have been tested in
several clinical trials, although with unpredictable and
partially conflicting results®™®”. Clinical experience on
the use of HSCs is limited, with transient benefit in
severe refractory CD, and hampered by toxicities, thus
suggesting that this procedure has to be performed in
highly experienced centers®. A recent first-in-human
safety trial (single infusion of autologous bone marrow-
derived mesenchymal stromal cells in 12 subjects with
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CD using three doses in the range of 2-10 millions of
cells/kg BW) was partly reassuring on feasibility and
safety aspects. Only two patients experienced serious
events that were possibly related to MSC infusion
(appendicitis and C. difficile colitis). Five patients
required hospitalizations likely due to the moderate to
severe nature of their underlying CD and not the MSC
infusionst®*,

Two major instances of MSC-based therapies must
be faced in future clinical trials: safety and efficacy
of allogeneic MSC preparations, which would avoid
the time-consuming phase of cell expansion before
injection, and the possible unwanted interactions with
the patients’ ongoing therapies, i.e., biological agents
and other immunomodulators. Indeed, previous
trials on perianal fistulas in CD enrolled patients
refractory to standard therapies. Initial trials required
discontinuation of immunomodulators, whereas the
latest studies allowed continuation of therapy if the
dose was maintained stable for several months. Some
authors have envisioned an adjuvant role of MSCs to
control residual fistulas®®”. In this regard, encouraging
results come from the positive outcomes of a recent
phase III trial on efficacy and safety of allogeneic ASC
treatment of patients with refractory CD and complex
perianal fistula. Local injection of allogeneic ASC
shortened time to remission over placebo. Importantly,
the study also addressed efficacy and safety parameters
with concomitant anti-TNFa therapy, immunomodulators
(i.e., azathioprine, 6-mercaptopurine, methotrexate) or
antibiotics (i.e. ciprofloxacin or metronidazole)®® (Table
2). Another ongoing trial generating much expectation
is the phase Il placebo-controlled double-blind study
of Prochymal® (intra-venous injection of allogeneic
BM-MSCs) in CD, which plans to enroll 330 patients
receiving four infusions over 2 wk of 600-1.2 million
cells: results are expected by 2018,

The body of evidence on the potential of MSCs
is remarkable, but with conflicting results in terms
of efficacy, especially for systemic administration
in luminal IBD™. In this context, there are some
unresolved clinical issues.

First, safety is still a matter of debate, especially
in the long term. The primary concern is the potential
malignant transformation of the administered cells.
However, a recent meta-analysis partly reassured the
scientific community by showing that malignancies
occurred only in patients with previous or current
malignancies, with no formation of de novo tumors™.
Table 2 provides a synopsis of published clinical studies
using MSCs in refractory CD or perianal fistulizing CD,
with a focus on safety aspects.

Second, MSC administration, in terms of route, dose
and type, deserves optimization. In particular, dose
selection is crucial to find the right balance between
efficacy and safety. Initial open-label trials used doses
up to 3 x 107 cells. Subsequently, the amount of
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cells increased aiming at improving outcomes on the
basis of the portion of intestinal tract to be treated
(107 cells). Notably, in the study by Molendijk et ai*®,
patients were randomized to receive 3 different doses
(1 x 107, 3 x 107, 9 x 107) or placebo, with those
assigned to the 3 x 10” arm experiencing the best
response rate. This further emphasizes the complex
nature of MSCs as biotechnological products, which do
not strictly follow the general pharmacokinetic rules
in terms of dose-response. In addition, there is an
urgent need to share uniform protocols and increase
reproducibility and consistency of data.

FUTURE PERSPECTIVES AND
CONCLUDING REMARKS

The purpose of investigating the extracellular products
of MSCs is twofold: to clarify their mechanism of action
and, more importantly, to evaluate the efficacy of MSC
mediators per se, so as to avoid whole-cell infusion.
Apart from the importance of deepening the knowledge
on MSC nature, an emerging interest surrounds
MSC-secreted micro-mRNA (miRNA)®” as a possible
therapeutic option in pulmonary hypertension®®. The
same molecules regulate toll-like receptors (TLR)
expression in MSC stimulated with bacterial derived
lipopolysaccharide'®®. Further studies are warranted
to clarify mechanisms of TLR4 expression of MSCs"?,
especially in light of its role in the tolerogenic pathways
of the intestinal immune homeostasis.

The use of MSC exosomes/extracellular vesicles
is increasingly under study. These were proven to
be effective in reducing NF-«B activity and the level
of pro-inflammatory cytokines in a TNBS rat model™.
Furthermore, MSC supernatants evoked an anti-
inflammatory response and an overall improvement
of bowel wall architecture in both DSS and TNBS rat
models””". The same study suggested the intraperitoneal
route as more effective, and a panel of candidate
bioactive compounds derived from MSCs.

In conclusion, MSC-based therapies can make a
step forward through strategies that: (1) enhance
immunomodulatory phenotypes and cellular yields
for large-scale production (for heterologous MSC-
based therapy); (2) use animal models showing
phylogenetic consistency for proof of concept studies
on MSC mechanisms of action; (3) prefer a route
of administration with no pulmonary or kidney MSC
retention; (4) enhance MSC engraftment at the
intestinal injured site, especially for those pathological
conditions requiring cell replacement and mucosal/
whole tissue healing; and (5); maintain standard cell
markers favoring application of heterologous therapy.
Finally, deepening the knowledge on MSC physiology
could pave the way for novel pharmacological
strategies based on MSC mediators.
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