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ABSTRACT (ENG)

Mesenchymal stromal/stem cells (MSC) represent a therapeutic promise in cell and gene
therapies. In spite decades of preclinical research and a variety of clinical trial, the lack of
established pharmacokinetic (PK) and pharmacodynamic (PD) models are hindering a solid
clinical translation of MSC towards patients. Mechanism-based pharmacokinetic-
pharmacodynamic (PK-PD) model is a mathematical approach adopted routinely by
preclinical pharmacokineticists to simulate the PK-PD profile of a compound candidate to the
clinical development and for predicting the clinical dosing regimen. Standardized PK-PD
models combined with deepened understanding of MSCs PK and PD could be helpful to
improve the therapeutic success of this still promising cell type.

Therefore, starting from a PK-PD model presented by Parekkadan and Milwid in 2010, we
address the optimization of a theoretical PK-PD model for MSC biodistribution with the aim
to achieve a quantitative approach to be applied in MSC drug development.

MSC pharmacokinetics can be represented by a two-compartment model. Indeed, as
represented by Parekkadan and Milwid, MSC concentration was characterized by a decaying
exponential kinetic of cellular viability, that on turn affects the time to reach maximal
secretion of a molecular mediator, with a short therapeutic window associated with MSC
therapy. This model represents a way to address PK-PD model for MSCs, however it does not
consider many aspects like the high connection of MSCs with the neighboring environment
and the importance of the circulating factors (released by MSCs themselves and other cells)
into exerting the PD effect. The Parekkadan and Milwid model is a basic indirect turnover
model in which the drug (MSCs) affect simultaneously the pharmacological response (IL-10).
However, based on the evidences of MSC injection in a sepsis model LPS-induced (Németh
et al. 2010), to which Parekkadan and Milwid referred to, we began to consider a new PK-PD

model. After i.v administration MSCs can release prostaglandin-E2 (PGE2) that on turn acts



on PGE2 receptors of activated macrophages inducing the release of interleukin-10 (IL-10)
whose function is then to reduce inflammation acting on immune cells. Therefore, MSCs
influences PGE2 concentration that on turn rules IL-10 concentration.

While we confirm the two-compartment model to describe the PK of MSCs, we now support
that the pharmacokinetic of released factors (PGE2 and IL-10) can be summarized by an
unexplored indirect turnover model in which the pharmacological response is not only related
to the plasma concentration of MSCs but is dependent also to other factors (PGE2 and IL-10).
Basing on the current literature, we evaluated different kind of indirect turnover PK/PD
models, trying to simplify the intricate inflammation process that characterize a sepsis model
LPS-induced. In vivo data arising from a sepsis mice model are also applied to validate the

novel indirect PK-PD models.



ABSTRACT (ITA)

Le cellule mesenchimali stromali / staminali (MSC) rappresentano una promessa terapeutica
nelle terapie cellulari e geniche. Nonostante decenni di ricerca preclinica, la mancanza di
modelli farmacocinetici (PK) e farmacodinamici (PD) consolidati sta ostacolando la
traslazione della dose clinica di MSC nei pazienti. Il modello farmacocinetico-
farmacodinamico (PK-PD) basato sul meccanismo & un approccio matematico adottato di
routine dagli esperti di farmacocinetica preclinica per simulare il profilo PK-PD di un
composto, candidato allo sviluppo clinico e per prevedere il regime di dosaggio clinico. |
modelli PK-PD standardizzati combinati con una comprensione approfondita della PK e PD
delle MSC, potrebbero essere utili per migliorare il successo terapeutico di questo tipo di
cellule.

Pertanto, partendo da un modello PK-PD presentato da Parekkadan e Milwid nel 2010, ci
occupiamo dell'ottimizzazione di un modello PK-PD teorico per la biodistribuzione delle
MSC con l'obiettivo di raggiungere un approccio quantitativo da applicare nello sviluppo di
farmaci a base di MSCs.

La farmacocinetica delle MSC puo essere rappresentata da un modello a due compartimenti.
Infatti, come rappresentato da Parekkadan e Milwid, la concentrazione di MSC € caratterizzata
da una cinetica esponenziale in decadenza della vitalita cellulare, che a sua volta influenza il
tempo per raggiungere la massima secrezione di un mediatore molecolare, con una breve
finestra terapeutica associata alla terapia MSC. Questo modello rappresenta un modo per
affrontare il modello PK-PD per le MSC, tuttavia non considera molti aspetti come I'elevata
connessione delle MSCs con l'ambiente circostante e l'importanza dei fattori circolanti
(rilasciati dalle MSC stesse e da altre cellule) nell’esercitare un effetto PD.

Il modello basico di Parekkadan e Milwid € un modello indiretto di turnover in cui il farmaco

(MSC) influenza direttamente la risposta farmacologica (IL-10). Tuttavia, sulla base delle



prove di iniezione di MSCs in un modello di sepsi indotto da LPS (Németh et al. 2010), a cui
si riferivano Parekkadan e Milwid abbiamo iniziato a teorizzare un nuovo modello PK-PD.
Dopo la somministrazione endovenosa, le MSC possono rilasciare prostaglandina-E2 (PGE2)
che a sua volta agisce sui recettori PGE2 dei macrofagi attivati inducendo il rilascio di
interleuchina-10 (IL-10) la cui funzione e quindi quella di ridurre I'infiammazione che agisce
sulle cellule immunitarie. Pertanto, le MSCs influenzano la concentrazione di PGE2 che a sua
volta regola la concentrazione di IL-10. Mentre confermiamo il modello a due compartimenti
per descrivere la PK delle MSC, affermiamo che la farmacocinetica dei fattori rilasciati (PGE2
e IL-10) puo essere descritta da un modello indiretto ed ancora inesplorato in cui la risposta
farmacologica non ¢ solo correlata alla concentrazione plasmatica di MSCs ma dipende anche
da altri fattori (PGE2 e IL-10).

Basandosi sulla letteratura attuale, abbiamo valutato differenti tipi di modelli indiretti PK-PD,
che possano semplificare la descrizione del processo inflammatorio che caratterizza la sepsi
indotta da LPS. Dati in vivo generati da un modello di sepsi murino sono poi utilizzati per la

validazione dei modelli indiretti PK-PD di seguito presentati.



1 INTRODUCTION

Recently, there has been increasing interest in the use of adult stromal progenitors, namely
multipotent mesenchymal stromal cells (MSCs), for the development of cell and gene
therapies within several biomedical preclinical and clinical applications. MSCs retain
promising features both for their ease of use in ex vivo manipulations and for their capacity
to generate a therapeutic benefit in early investigations®2.

Although the bone marrow has been the main source for MSCs, they have also been isolated
from other tissues, including adipose tissue, amniotic fluid, endometrial tissue, dental tissue,
umbilical cord, and Wharton’s jelly®*. MSCs have been defined as non-haematopoietic
progenitors able to self-renew®, migrate to a site of injury®’, differentiate into mesodermal
lineages®, modulate immune response®1°, and secrete anti-inflammatory molecules!*2, These
cells can also be easily isolated from different animal species®® and ex vivo preserved, and
they are considered safe because of their low immunogenicity after transplantation*>.

For the last decade, MSCs have been considered as advanced medicinal therapy (AMT), and,
therefore, compared to drugs; however, their mechanism of action (MoA) and tissue
distribution in several target diseases are still unexplored and not completely understood?®.
Currently, the MoA of MSCs is believed to be associated with their ability to engraft,
differentiate, and/or release paracrine signals, but the contribution of each of these properties
remain unclear”-!8, Therefore, the MoA has been described as a complicated network in
which MSCs trigger different reactions that also involve other nearby cells with the aim of
generating the desired biological function that is then related to a therapeutic effect.

How much the whole cells per se or the released mediators are responsible for the mentioned
therapeutic effect is not yet completely known and may also be related to the target disease
and the microenvironment. However, it has been observed that a direct injection of

biomolecules released by MSCs can provide a benefit above and beyond what is conveyed by
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the transplanted cells alone!®2?°, The factors released by MSCs seem to be key players for the
beneficial effects after cell transplantation, with the difference being that the implanted cells
could constantly release these factors, while an exogenous delivery of MSC-derived
biomolecules would require a constant, or at least programmed, delivery, in some manner
similar to common pharmaceutical drugs?'. These still unclear MSC functions and their
related bioactive molecules for the intended therapeutic profile pose a challenge to exactly
defining the biomarkers linked with an assessment of MSCs’ MoA and efficacy?.
Additionally, it is known that each disease has its own microenvironmental peculiarities (i.e.,
inflammatory cells, cytokines) that could differentially impact the biological functions of
MSCs after in vivo transplantation324.2,

This still obscure but intriguing scenario requires clarification of the basic concepts of MSC-
drug development, including the pharmacokinetic (PK) and pharmacodynamic (PD)
properties of the cells themselves and their bioactive agents. However, studying PD aspects
of MSCs is difficult and results in unclear biomarker definition. Additionally, a substantial
barrier to achieve good efficacy is the lack of robust PK data for cells and mediators involved
in the biological activity?®. Increased knowledge of cell distribution after delivery could help
to estimate the PK of MSCs and, consequently, define the dosing regimen needed to reach the
therapeutic effect. As of January 2019, the number of clinical trials based on MSCs that are
publicly available in selected internet resources (www.clinicaltrials.gov) exceeds 800 and
many of these studies discuss the possible MoA of MSCs?/:282% put data regarding MSC PK
and biodistribution are still scarce. For this reason, in this thesis we consider PK aspects of
MSCs, we present factors that may influence MSC-based PK studies and we theorise new PK-

PD model starting by Parekkadan and Milwid!3°, the only described model to date.



2 BIODISTRIBUTION OF MSCs IN PRECLINICAL SETTING

Preclinical and clinical investigations have been performed with the aim of investigating MSC
tissue distribution, safety, and therapeutic effect to ameliorate pathologic states®!2, The
following discussion of a series of MSC preclinical studies conducted in the last 30 years

delineates fundamental aspects of MSC biodistribution.

MSCs are transplantable via the intravenous route and are trapped in lungs. In 1983,
Piersma et al. provided early, pivotal evidence from a murine model of MSC biodistribution
after intravenous (i.v.) transplantation of cells tracked by chromosome-marking. Most of the
injected cells reached the recipient’s bone marrow and remained in situ within 3 months after
the transplantation, indicating the ability of injected MSCs to specifically lodge in the host’s
bone marrow?3. After those initial findings, many preclinical rodent-based investigations were
reported (Table 1). In 1995, Pereira gave the first evidence of MSC lung localization
following systemic administration. After culture, cells were injected into irradiated mice and
detected in the parenchyma of alveoli and bronchi®*. Subsequently, other studies were
performed to better understand this phenomenon and prevent pulmonary entrapment by lung
hemodynamic alterations to ultimately increase MSC biodistribution to the target

organ 35,36,37,38

Route of administration and vessel size influence lung trapping. In 2001, Gao et al. infused
rat bone marrow MSCs radiolabelled by indium-'toxine through different routes and
followed their distribution using whole body scanning and dynamic imaging. The main aim
of the study was to compare i.v., intra-arterial (i.a.), and intra-peritoneal (i.p.) infusions. After
i.a. and i.v. delivery, the radioactivity was first observed in lungs and then, gradually, in the
liver: together, these organs comprised approximately 50% of the infused radioactivity,

10



confirming the lung as a primary compartment in MSC biodistribution in vivo. In an attempt
to bypass lung localization, the same authors introduced sodium nitroprusside as a vasoactive
agent, which led to a decrease in lung signal by 15% and an increase in liver distribution,
indicating that a simple change in vessel diameter is linked with a different biodistribution
pattern, indirectly suggesting a pivotal role of vessel size as a factor contributing to MSC lung
localization. In that study, the i.a. and i.v. administrations did not show any significant
difference in cell distribution. However, after i.p. infusion, the lung radioactivity was
negligible, confirming that an extra-vascular delivery was able to bypass the pulmonary
tract®. Schrepfer et al. confirmed these findings in a murine model in which cells were
monitored by firefly luciferase and green fluorescent dye 5-(and -6)-carboxyfluorescein
diacetate succinimidyl ester (CSFE) and tracked post-mortem by histopathology of pulmonary
sections. The authors demonstrated that the mean size of the MSCs was larger than the size
of the pulmonary capillaries. Thus, large amounts of injected MSCs could be trapped in lung
capillaries, thus preventing access to other organs. Further, lung localization could be reduced

by a vasodilator®®.

Intrinsic properties and microenvironmental cues affect MSC biodistribution. The findings
related to MSC biodistribution seem to be limited by vascular-related issues, such as vessel
size and pressure, and by still unclear intrinsic MSC properties, such as cytoskeletal activity,
migration capacity, or cell size, that impact specific organ localization. Niybizi et al. reported
a graft of green fluorescent protein (GFP)-positive murine MSCs into neonatal mice via a
superficial temporal vein. The in vivo MSC tracking was performed by fluorescence
microscopy and revealed GFP signal in the lungs, liver, and bone 7 days after infusion. MSCs
persisted in the lungs up to 150 days post-transplantation with evidence of tissue-specific

differentiation. Engrafted GFP-positive cells were then harvested from bone and infused in
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secondary recipients. Curiously, after systemic delivery of these bone-derived MSCs, cells
could only be detected in skeletal tissues and not in lung or liver, indicating that intrinsic MSC
properties and physiological microenvironmental cues were able to select specific MSC sub-
clones associated with a defined biodistribution pattern after systemic delivery in the lack of

pathological conditions®"°,

The role of immunity in MSC biodistribution. At the beginning of 2000, Liechty et al.
described the engraftment of human MSCs after in utero transplantation into a fetal sheep with
the aim of assessing tissue distribution of human cells into an immunodeficient large animal
model. Polymerase chain reaction (PCR) assays, immunohistochemistry, and in situ
hybridization were introduced to evaluate the presence and differentiation of MSCs in
mesenchymal tissues of the fetal sheep for as long as 13 months. After xenotransplantation,
MSCs underwent site-specific differentiation into chondrocytes and in cardiomyocytes, and,
even after the development of fetal immunocompetence, MSCs maintained their underlying
ability to differentiate in several tissues and maintained their multipotentiality and
immunological advantage?®. On the basis of this data, researchers have investigated the
immunology of MSCs and their ability to evade and/or influence the host immune system in
relationship with immunosuppression and/or immunoprivilege #!. The first is due to the
MSCs’ ability to suppress recipient immune cells**%3, and the second is based on the
negligible expression of the major histocompatibility complex on the surface of MSCs#44%:46,
Recent data demonstrated an increased level of HLA-DR expression that was irrelevant with
regard to MSC capacity to influence lymphocyte proliferation*’. However, the low MSC
engraftment after transplantation may be also related to cell destruction by immune
recognition. Zangi et al. suggested that, while luciferase-labelled marrow murine MSCs can

retain mild immunosuppressive activity, they do not completely evade the immune system
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and induce rejection and memory*. Despite that fact, allogeneic MSCs exhibited longer
survival than skin fibroblasts, but their survival was shorter than that observed in syngeneic
or immune-deficient recipients. Thus, immunogenicity may influence MSC biodistribution in
vivo and this must be considered in an accurate selection of the animal model. More recently,
authors have suggested that the immunosuppression by MSC may also be exerted after cell
destruction opening the field to novel investigations aimed at the deeper understanding on

how dying MSC could be immunosuppressive*.

The role of inflammation and cancer in MSC biodistribution. Inflammatory signals may
also impact MSC biodistribution. A paradigmatic example is provided by Wang, who studied
the biodistribution of MSCs following both i.a. and i.v. infusions into 2 distinct bone marrow
transplantation (BMT) settings: allogeneic and syngeneic BMT®. Biodistribution was
measured by bioluminescence imaging (BLI) using luciferase-containing MSCs and by
99mTc-scintigraphic imaging. Immunohistochemistry and quantitative real-time PCR were
also introduced to support in vivo data. MSC i.a. administration was followed by a wider
biodistribution through the body than i.v. delivery, which was primarily characterized by lung
localization. Interestingly, MSC migration in the abdomen was more prominent after i.a.
delivery within the allogeneic model with gastrointestinal (Gl) acute graft-versus-host-disease
(GVHD). These data support i.a. delivery of MSCs, further suggesting how
microenvironmental cues, such as an inflammatory milieu of GVHD, can influence MSC
biodistribution.

In addition, pathological conditions and related factors (i.e., cytokines, chemokines) may
influence cell biodistribution with consequences on their therapeutic profile. Lee et al.
demonstrated in NOD/SCID mice that i.v.-infused human MSCs ameliorated the outcome of

a myocardial infarction model®!. MSCs were visible by PCR in infarcted hearts starting from
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15 minutes after infusion; the visibility peaked 1 day after infusion and then faded. However,
a curative effect was observed even after that time due to MSCs trapped in the lung and
activated by microenvironmental stimuli to express the anti-inflammatory factor TNF-a-
induced protein 6 (TSG-6) that reached myocardial tissue with positive effects. Interestingly,
most of the cells were cleared from the circulation in 5 minutes and trapped in the lungs with
a half-life of 24 hours. The authors also reported that a small amount (less than 3%) of MSCs
reappeared into circulation after lung localization, suggesting a second wave of cells that were
then found in other tissues. A comparison of cell distribution 15 minutes after both i.v. and
i.a. infusions indicated that the lung was the main organ of distribution; however, after i.a.
delivery, more cells could reach the brain, heart, liver, and kidney, which confirmed the
findings of Wang®.

Cancers are also reported as pathological conditions capable of influencing MSC
biodistribution®2%3, A paradigmatic example of this was recently reported by a study in which
near-infrared fluorescent nanoparticles (NIR) were used to track the distribution of i.v.-
delivered bone marrow MSCs for the treatment of brain tumours. In vivo imaging, histology,
and real-time PCR showed that NIR fluorescent labelling revealed a peculiar distribution after
systemic injection. MSCs were first detected in lungs within 30 minutes after transplant, and
they remained there for up to 4 days; however, the signal gradually decreased in the lungs and
increased in the liver and spleen starting from 4 hours after administration and lasting for up
to 7 days. The distribution pattern of the migrated MSCs was similar in normal and tumour-
bearing mice, although there was a significantly higher presence of labelled MSCs in the
brains of the cancer group, with a brain tropism that appeared proportionally inverse to the
lung localization®*. These data indicate that an intravascular distribution of MSCs can reach
brain cancer in the presence of blood-brain barrier (BBB) leakage®®: active or passive homing

mechanisms driven by injury and inflammation could explain the migration of the cells across
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the BBB. By labelling rat marrow MSCs with intracellular superparamagnetic iron oxide
(SPIO), Cheng et al. focused on cell survival and engraftment in a rat model of traumatic brain
injury; MSCs were monitored by advanced magnetic resonance imaging (MRI) able to track
cells after stereotaxic injection. The authors demonstrated a migration of labelled cells near
the lesion area until the third week after injection®®.

While liver has been reported as the target organ in steady-state conditions, liver diseases may
influence MSC distribution. Kim used different cell labels (SPIO and metal nanoparticle
[MNP]) detected by MRI to monitor MSC implantation, homing, and differentiation in a rat
liver cirrhosis model. After 7 days from intrasplenic cell infusion, 3-T MRI tracking and
immunohistochemistry revealed a liver accumulation of MSCs around the fibrous septa,
suggesting a possible mechanical trapping by portal blood flow as a promoting factor for the
liver inlet®”.  Wu used bioluminescence and MRI to track MSCs that internalized
PAI/SPION/pDNA. In this case, the combination of bioluminescence and MRI resulted in an
efficient and noninvasive in vivo imaging tool to track transplanted cells in a liver injury
model. After superior mesenteric vein injection, labelled MSCs were distributed into the liver
for up to 10 days, specifically in the sinusoids of periportal areas, underlying the tropism of

these cells for diseased tissues that was associated with a therapeutic benefit®8,

The local delivery of MSCs is more appropriate for in situ therapy. Considering the
variability in biodistribution after intravascular deliveries and accounting for the fact that a
local delivery could be appropriate for defined indications, several research groups focused
their attention on local MSC transplantation. Nam et al. introduced a combination of
ultrasound and photoacoustic (US/PA) imaging to track and quantify labelled gold nanotraced
(Au NTs) MSCs after intra-muscular (i.m.) injection in rat. The US/PA demonstrated that the

labelled MSCs can be monitored with high sensitivity and good cell viability over 1 week and
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they could be clearly distinguished from other cells and tissue, such as haemoglobin and
skin®®. Years later, Hossain et al. developed a rodent model to monitor i.m.-injected iron
oxide-labelled MSCs. MRI and histological analyses were undertaken in rats after MSC
injection and showed a high signal that progressively increased over the course of 3 weeks,
including adjacent tissue localization®. Interestingly, a signal could also be detected in the
spleen, indicating that the i.m. delivery could also be associated with broader biodistribution.
Despite a large range of reported delivered doses of MSCs (10*-107/animal), key aspects
about MSC biodistribution can be summarized (Table 2): MSCs are transplantable cells
whose biodistribution is influenced by the route of administration, pulmonary vessel size,
intrinsic properties, and microenvironmental cues; MSCs can restore tissues by their intrinsic
properties and the ability to cross-talk with the pathological microenvironment; the bone
marrow has been the most selected source for MSCs, and rodent is the appropriate preclinical
model because of its accessibility and the existence of immunodeficient strains; the i.v. route
is the most applied preclinical route of administration because it is minimally invasive and
because of its putative ability to achieve wide tissue distribution, even in combination with
strategies aimed to overcome lung trapping; several in vivo and ex vivo tracking techniques
have been combined to describe MSC distribution over time in qualitative and quantitative
terms; and the immunogenicity of MSCs allowed preclinical investigations in autologous,

allogeneic, and xenogeneic recipients that considered physiological and pathological states.

3 FACTORS INFLUENCING PRECLINICAL MSC
BIODISTRIBUTION STUDIES

As stated, MSC biodistribution is influenced by different factors that can be divided in PD-
and PK-related factors: the first relates to PD aspects, such as MoA and the recipient biological

environment; the second relates to MSC and non-MSC properties affecting PK, such as cell

16



size, cell source, immunological features and labelling, detection methods, route of
administration, and size of the animal model (Table 3). Robust investigations of these aspects
are lacking, partly due to the difficulty in developing standardized approaches to their
study®%2, The complexity in this standardization is mostly due to the high variability of PK-
and PD-related factors. Reyes recently reported an algorithm for study design to assess MSC
biodistribution®?: this decision tree is based on the results obtained from preclinical studies in
different species using diverse delivery routes, cellular labelling, and detection
methodologies. Therefore, in this analysis, we sought to further dissect factors involved in the
setup of an MSC preclinical biodistribution study. The knowledge of these key factors could
lead to better standardization and, above all, more efficient clinical prediction of the clinical

dose and efficacy of MSCs (Table 4 and 5).
PD-Related Factors

One of the key factors influencing PD is represented by the MoA and its related therapeutic
effect!’. MSC therapeutic impact is often driven by different and complex mechanisms, such
as the ability of the cell to differentiate in a defined tissue and/or release active substances
responsible for efficacy®. This complexity can generate uncertain identification and selection
of the bioactive substances (MSCs or their released factors) and the efficacy of biomarkers is
variable due to many upstream-activated pathways. The knowledge of the MoA ruling
pathway is also essential for selection of the MSC delivery route. Indeed, if differentiation is
the leading process in MoA, then the cells might be more effective when directly implanted
in their site of action; conversely, if secretion is prevalent, then cells can be active even when
remotely administrated (i.e., by the i.v. route). Another MoA-dependent gap in understanding
is the discrepancy between in vitro and in vivo data: this is particularly true when comparing

MSC viability, proliferation, and differentiation capability®*. This issue can produce a lack of
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in vitro-in vivo correlation, which, consequently, generates unpredictable outcomes in terms

of clinical efficacy.

A further issue relates to the MSC therapeutic target, which can be localized or widely
scattered in the body and influences the selection of a local versus systemic route of
administration®. That, in turn, influences the choice of the most appropriate animal model

and adequate tracking methods®.

Other PD factors to be considered are represented by pathophysiological aspects involved in
the often-chaotic background of the target disease and its related microenvironment. The
pathophysiology of the disease is tightly linked to the type of disease (local or systemic rather
than acute or chronic), the patient age (young versus old), and the type of involved cells and
the stage of disease (early or advanced). These variables may influence the choice of MSC
source, cell doublings, number of injected cells, and route of administration. Also, in this case,
the detection and selection of the bioactive substances and efficacy biomarkers can be
modified on the basis of the need to treat an acute or chronic state, rather than a young or old

patient®’.

The pathologic microenvironment to which MSCs are exposed has also become
progressively more relevant. The abundance of bystander cells, as well as their recruitments
and functions, represent a potent PD-influencing factor®®. Unfortunately, the interactions
between MSCs and the in vivo microenvironment are yet unclear, as are the biomarkers
indicative of MSC-based response due to microenvironment regulation®. Consequently, there
is a need to select and identify bioactive substances and efficacy biomarkers, as well as

account for microenvironment effects by in vitro and in vivo correlation assays.
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PK-Related Factors

PK-related factors can be subdivided to MSC-related and non-MSC-related factors. The
MSC-related PK factors are related to the cells themselves (intrinsic factors), and the non-
MSC factors are related to the techniques introduced in a biodistribution study (extrinsic

factors).

MSC-related factors. A biodistribution study is dependent on cell-related factors, including
the size, the source, the cell doubling, and the immunogenicity of the cells. One of the intrinsic
MSC features that influences biodistribution is the MSC size, especially in terms of cell
diameter. This parameter, dependent on the age and passages in culture’®, can be responsible
for trapping in the lung after systemic administration®®. A diameter between 20 and 24 um,
which is typical of administered cells, dictates that most infused cells remain in the pulmonary
region due to their dimension (i.e., they are larger than the size of pulmonary capillaries), and
only a low percentage of cells reaches the site of injury*>2¢, Therefore, MSC biodistribution
is widely influenced by size, which generates an imbalance between the expected and effective

value of cells at the target site and the time needed to reach the target.

It is well known that bone marrow, adipose tissue, and fetal annexes are the most often used
MSC sources due to similarities (and despite some differences) in morphology, number of
isolated cells, and the ability to differentiate in tissues®. The choice of MSC tissue source is
important both for type of tissue to regenerate and the biological activity required of the cells
in the damaged target tissue. For example, it is known that adipose tissue and umbilical cord
MSCs give origin to adipogenic’?, chondrogenic’?, and osteogenic’® lineages. MSC sources
can also influence basic cellular features such as surface cellular markers and size’* ™. To
date, there is no preferred source in terms of convenience and quality, but bone marrow is

currently the most used®=L.
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The injected MSCs should preferably be derived from young donors and undergo low culture
passages to preserve the proliferation potential and prevent oxidative stress, since increased
donor age seems to be correlated with detrimental effects on proliferation and differentiation
abilities®>"® "7, In this regard, the United States Food and Drug Administration (FDA) suggests
that propagation of MSCs in vitro should not exceed 5 weeks—the time beyond which these
cells are supposed to accumulate mutations’®. Despite the lower tumorigenic potential of
human MSCs compared with rodent MSCs, risk for tumorigenicity after extensive culture

should be considered and could impact the accuracy of a biodistribution study’®.

In addition to cell and donor age, culture conditions also influence cell performance and
senescence, consequently impacting the number of cells administered®. For example, a
normoxic atmospheric tension (21% Oy), as well as serum starvation and deprivation of
growth factors, promotes the generation of free radicals that trigger pathways for apoptosis
and premature aging of cells®l. Additionally, low levels of oxygen increase biological
activities involved in the maintenance of stemness, mobilization, homing, and promotion of
certain differentiation phenotypes®. Interestingly, the introduction of certain growth
supplements and/or cytokines can alter immunological profiles of class I and 11 HLA antigens,

which allows for evaluation of the host immune reaction®.

As described, one of the reasons for a wide diffusion of MSC transplantations is the high
degree of safety, as well as the low risk of rejection®. Still, it is important to consider possible
donor-related immunogenicity. A positive outcome of MSC transplantation is presumably
due to the cellular immunomodulatory ability that allows the cells to evade the host’s immune
system through immunosuppressive and immunoprivileged mechanisms®*°. However, data
demonstrate that MSCs show different distributions when transplanted in an autologous or
allogeneic host*®, with allogeneic cells associated with significantly lower survival than

syngeneic cells. Although MSC xenogeneic transplantations are characterized by low
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immunogenicity, the risk for adverse events is dependent on the host’s immune response,
which is higher than in autologous or allogeneic settings. Nevertheless, porcine MSCs, one of
the most used alternatives to human MSCs, can undergo genetic modifications that further
decrease their hypoimmunogenic potential, allowing them to be fully protected from the host
immune response®. Although this approach retains some promise, so far there have not been

reports of clinical xenogeneic MSC transplantation.

Non-MSC-Related Factors

Extrinsic cell-related factors focus on the variables dependent on the setting of a
biodistribution study, such as labelling, route of administration, animal models, and detection

methods.

The cell labelling and the detection methods are relevant for suitable MSC tracking. Since
the beginning of biodistribution studies, scientists followed the fate of MSCs using ex vivo
methods, such as real-time PCR and histological assays, which are characterized by low cost,
ease of execution, and the ability to be performed after the animal sacrifice. Over time, in vivo
imaging has gained favour, permitting an immediate and repeatable surveillance of MSCs and
providing high spatial and temporal resolution (Table 6)®. Even if an ideal imaging method
does not exist, it is now possible to select between different techniques, depending on the
experimental requirements, including bioluminescence, fluorescence, radio-labelling
(positron emission tomography [PET], single photon emission computed tomography
[SPECT]), and MRI: each is characterized by different specificity, sensitivity, and type of
follow-up. An accurate evaluation of MSC biodistribution should combine both in vivo and
ex vivo methods for better interpretation of the results. While imaging provides immediate

results®®, ex vivo assays increase the accuracy of outcomes aiming to evaluate sensitivity and
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specificity®”. In vivo methodologies require MSC labelling that can alter MSC migratory

ability and viability, which must, therefore, be evaluated before cell delivery®*.

Genetic labelling (e.g., luciferase, B-galactosidase and GFP) requires protocol optimization to
obtain high levels of transduction that can delay in vivo administration. This gene labelling is
preferred for long-term studies because detection can be maintained after mitosis, although it
is potentially associated with genetic instability following transduction. On the contrary,
chemical labelling has a shorter duration than genetic labelling because it is diluted in daughter
cells after cell division. This, therefore, makes chemical labelling more suitable for short-term
follow-up and also accounts for the lack of a robust proliferative attitude of MSCs after in
vivo injection®2%, In this context, the chemical label transfer from the originally labelled cells

to bystander elements or to phagocytes producing false positives must be considered®’*2,

The choice of animal size is dependent on the preclinical investigation phases. In early stages,
it is preferable to use small animals, while large animals are often required in later stages to
mimic the clinical setting; further, in this way, the route of administration must mimic the one
intended for clinical trial®. This is important since the route of administration can influence
cell bioavailability. For example, therapeutic targeting can be prevented after a systemic

delivery because of the pulmonary first pass.

Here, we have described PK and PD factors that influence MSC biodistribution. Since most
of the studies have been performed while considering—almost exclusively—PD aspects, we
maintain that the PK aspects need attention. Therefore, the next section is dedicated to PK

evidence after MSC systemic delivery and to the proposal of a new PK-PD model.
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4 PK-PD EVALUATION FOR MSCs

PK describes the time course of drug disposition after administration, and PD focuses on the
observed effects resulting from the delivery of a drug®®. Preclinical PK-PD studies have the
aim of establishing a concentration range within a drug to exert its pharmacological effect. In
this range, no adverse events should occur and the drug should be considered safe.
Consequently, the monitoring of drug concentration is a key step to defining a drug regimen
related to both efficacy and safety®. In this context, preclinical research on MSCs has
underscored the difficulty in exactly knowing the fate and the blood/tissue concentration of
the cells after in vivo administration®!. Indeed, it is difficult to know how many cells die,
engraft®, and differentiate® or remain in a steady-state condition. Therefore, defining the cell

number responsible for the intended pharmacological effect represents a challenge.

Like cells, small molecules may also undergo variability in their concentrations once they
reach systemic circulation. While the PK of a chemical compound is typically dependent on
well-characterized properties during drug development, such as the administration route, the
physical chemistry (e.g., solubility, stability), the pharmaceutical formulation, and the
ADME® features (e.g., protein binding, passive/active transports, metabolizing enzymes),
MSC biodistribution or PK is influenced by many different factors that are dependent on both
the PD and extrinsic and intrinsic MSC-related factors, which complicates a biodistribution

study.

Physiologically based pharmacokinetic modelling (PBPK) has been introduced during drug
development with the aim of predicting the drug disposition of a candidate compound using
preclinical PK data®®. This mathematical approach is currently recognized by regulatory
agencies to simulate the efficacy dose and the related safety margins in humans®. In this

oversimplified framework, the body is divided into compartments that mimic tissues or fluids
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and the time course of drug concentration is described by equations. In particular, in a minimal
PBPK model all the highly blood-perfused organs such as heart, lungs, liver, and kidneys are
lumped together in one single compartment, while the remained less perfused tissues (e.g fat,
muscle, and cerebrospinal fluid) are all included in a second compartment®’. Unlike
physiologically based pharmacokinetic models, the so-called “compartment models or
empirical models” are mathematical models, rarely with a physiological significance, but
consisting in one or more compartments that are useful to describe the kinetic of the drugs
into the body. In the “two-compartment model” the central compartment represents the
plasma, while the peripheral compartment is introduced to adjust the shape of the resulting

plasma concentration time profile!®%.

Attempts to introduce PK models for MSCs are still lacking, and this represents a major
limitation. Applying the two-compartment model to small molecules, Parekkadan and Milwid
originally proposed a PK concept for MSCs®. On the basis of known kinetics data from
selected publications, the authors presented a two-compartment model that simplifies the
biodistribution of MSCs after i.v. delivery. This model consists of the central (plasma) and
the peripheral (tissue) compartments, whose PK parameters are Ky, as the constant rate of
extravasation between plasma and tissue, and K: as the constant rate of intravasation; with R;
and Rc*8 as injection and the clearance rates, respectively (Figure 1a). This approach is also
based on the following assumptions: a. MSCs looks like inert and spherical (d=20 pm)
particles that have no interaction with the host; b. the cells contain a fixed concentration of
molecules that is equivalent to 100% of the bioactivity; c. the transport of the single molecule
from the cell directly into the bloodstream is not rate limiting; d. the therapeutic index is
directly proportional to the serum concentration profile of the molecules secreted by the

MSCs.
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In atheoretical engraftment, where it is assumed that, after MSC transplantation, nearly 100%
of the cells remain viable and effective after infusion, an apparent activity (the unit activity
per cell multiplied by the number of cells after injection) is maintained over the time course
and long-term therapeutic action is guaranteed (Figure 1b). However, based on experimental

evidence of MSC i.v. delivery, a better term is apparent engraftment (Figure 1C).

An apparent engraftment is characterized by a quick infusion of a dose of drug (R;) in the
bloodstream, so that R; is considered negligible and the plasma concentration (C,) of the drug
is 1 (Cp=1). The clearance rate (Rc) and the rate of intravasation (K2) are higher than the rate
of extravasation (Ky1). Consequently, the exchange between the 2 compartments is practically
null and the MSCs stay in the central compartment. Parekkadan and Milwid represent the
apparent engraftment as in figure 1C: the MSCs show a rapid decline of cellular viability*°!,
which, in turn, affects the time to reach maximal secretion of a molecular mediator (apparent
activity) with a short therapeutic window associated with MSC therapy. Consequently,
according to this model, the therapeutic activity would be maintained for 24 hours and, for
extended efficacy, multiple administrations with a range of 24 hours would be necessary. This
may need to be addressed by comparative clinical trials in which cells are delivered daily

versus weekly, as is currently done for GVHD treatment®®.

While the model by Parekkadan and Milwid still represents a way to address a basal PK-PD®
model for MSCs, many aspects need to be considered to carefully establish a model able to
make clinical predictions about MSCs, their doses, and their schedules in vivo. Although i.v.
administration is the route most applied in preclinical and early clinical studies, it may not be
the best route to allow MSCs to reach the target organs®’. Therefore, we can suppose that, by
changing the route of administration, PK parameters of the two-compartment model will not
be completely applicable, possibly due to a lower clearance, a higher apparent activity, and a

shift of the model that may become closer to that of the theoretical engraftment.
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Moreover, undefined mechanisms of action and the high connection of MSCs within the
neighbouring environment make these cells non-inert particles whose biological activity can
be dependent on many bioactive circulating factors that are released (directly or indirectly) by
injected MSCs or by other cells (i.e., MSC-activated)*°1%2, Thus, the bioactive substances to
be included in the PK-PD model are not only limited to the MSC number but are also related
to either the levels of soluble factors constitutively released by the cells themselves or to
substances that may be released by MSCs after in vivo infusion due to microenvironment
conditioning. This aspect adds complexity that needs to be addressed by new models and the
high variability of biomarkers detected needs to be considered in a novel PK-PD prediction.
Consequently, the final apparent activity will be the result of all the different biomarkers

acting within a defined time frame and also involving bystander cells.

Therefore, we began to reason a new PK-PD model based on the described considerations
(Figure 2). This model, defined as two-functional-compartments, is based on the fact that,
after infusion, MSCs can release molecules (cell-related biomarkers) capable of functionally
influencing bystander cells (i.e., macrophages) that, in turn, can release bioactive substances
that we propose as efficacy biomarkers of the desired therapeutic effect. While the cell-related
biomarkers are responsible for the PK activity of the MSCs, the efficacy biomarkers reveal
the PD activity. In addition, considering that microenvironment cues may influence MSC-
related biomarker release, we should consider that the effect of MSCs on bystander cells could
be temporally shifted, impacting the PD of infused cells. To provide an initial justification for
this model, we report the original Németh et al. study, which aimed to attenuate sepsis after
i.v. MSC administration®. The authors describe that MSCs can release prostaglandin-E2
(PGE2) (as a cell-related biomarker) that acts on PGE2 receptors of activated macrophages
(PGE2 and E4 receptors), which induces the release of interleukin (IL)-10 (an efficacy

biomarker) whose function is then to reduce inflammation by acting on immune cells. Thus,
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we represent the cell-related biomarkers, MSCs and PGEZ2, in the first two-dimensional graphs
of Figure 2 and the efficacy biomarker IL-10 in the second graph. Much of these data
supporting this concept have been reported'®. In the definition of this proposed two-
functional-compartments model, we also consider that several complex factors may affect the
outcome of MSC biodistribution: in particular, factors involved in the MoA (PD factors) and
factors related to the cells themselves (PK-related factors), as described in the previous

paragraph.

5 PROPOSED MODELS FOR MSCs EFFECT IN MURINE SEPSIS

The two-functional-compartments model (Figure 2) related to Németh study can be further
evolved in a turnover model. Turnover concept is applicable to the majority of endogenous
compounds (e.g hormones, proteins, enzymes), whose homeostasis is an equilibrium between
their production (synthesis, secretion) and loss (catabolism, filtration). In turn, these processes
are represented by parameters (e.g biological half-lives) that can be described by mathematical
equations®. In a basic turnover model (Figure 3) we define Ksyn and Kpeg as synthesis and

degradation parameters of R, the response of a specific substance, that is the concentration of
a biomarker (e.g a cytokine) itself over the time. In order to extrapolate R, % = Ksyn — Kpeg
*R, a change in Ksyn Or Kpeg (due by the promoting or inhibitory effect of the drug A), affects

R that can be written as % = Ksyn*f(DrugA) — Kpeg *R and or as ‘;—f = Ksyn — Kopeg

KSyn
KDeg

*f(DrugA)*R.. In a baseline condition, in absence of any kind of stimulus Ro =

Therefore, we can use these equations to describe the turnover of the cytokines involved in
the sepsis model, represented in Figure 2a. The molecular pathway described by Németh et

al. in a sepsis state, is a turnover indirect model in which the pharmacological response
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consequently to MSC injection, takes time to develop and it is not directly related to the MSC
concentration. MSCs triggers a turnover mechanism characterized by the response of
mediators and bystander cells such as PGE2, activated macrophages and IL-10 whose function
is to reduce inflammation acting on immune cells. Therefore, the setting-up of a PK-PD model
of anti-inflammatory MSC effect in the sepsis-model, requires the pharmacokinetic of MSCs,
LPS and then, with a drop-down effect, PGE2, activated macrophages, IL-10 and TNF-a
response. Going over the literature, we speculate three indirect turnover PK-PD models
discerning by different levels of complexity.

In the_Model I, the drug represented by the MSCs, modulates the response following the
differential equations reported previously above, where % is correlated to the MSCs

concentration that in turn can modulate Ksyn and Kpeg. LPS is instead constant and not
included in the modelling'®* (Figure 4a).

Other literature studies describe the pharmacokinetic of the challenger, in our case LPS. In
these indirect Model 11, the response of a biomarker % is a function of LPS and DrugA, as

reported in Figure 4b, here, the time courses of the drug (MSCs) and of the challenger (LPS)
are included. In this regard, Gabrielsson et al.'® proposed a so called “transduction PK-PD
model” in which the time courses of a test drug (Anakinra), a challenger (IL-B) and cytokine
(1L-6) were evaluated in order to investigate the cytokine response following IL-p challenge,

with or without drug intervention. In absence of the drug, the time course of the cytokine IL-

6 was induced by IL-B challenge, therefore IL-6 response was as follows: (dlit_ﬁ) = Ksyn

*f(LPS) — Kpeg *R. In presence of Anakinra, IL-6 concentration was subjected to inhibition,

(dIL—6)

therefore
dt

= Ksyn *f(LPS) *f(Drug) — Kpeg *R or Ksyn *f(LPS) — Kpeg *f(Drug) *R, if

the drug affected Ksyn Or Kpeg.
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Finally, we also present a Model Il (Figure 4c) that can be defined a high-order model,
developed to predict the pro- and anti-inflammatory responses. This model includes biological
complexity predicting the dynamics of individual cytokines, considering the network of the
molecular pathway. This is the model that looks alike closer to the reality, un fact it takes into
consideration the cytokines, the inflammatory cells (activated monocytes and macrophages)
and their feedback connections®®,

With the aim to validate a PK-PD model in a sepsis murine context LPS-induced, we have
collected plasma samples in order to quantify PK and PD biomarkers (including PGE2, IL-10
and TNF-a), following i.p administration of LPS. In a next study, the administration of bone
marrow derived-mesenchymal stromal cells will be crucial both for investigating the
relationship between the pharmacokinetic and the pharmacodynamic of MSCs in the same

sepsis murine model and for validating a computational PK-PD model.
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6 MATERIALS AND METHODS

6.1 Experimental procedures for bone marrow derived mesenchymal stem/stromal
cells isolation and culture

Mice were housed in a specific pathogen-free facility (Biostab, UNIMORE) and fed a diet
without chlorophyll. All animal procedures were performed under license from the
Department of Medical and Surgical Sciences for Children & Adults, University Hospital of
Modena and Reggio Emilia and approved by the local Ethics Committee. 6-week-old SKH1
mice will were shipped to Dr Phinney Lab (Jupiter, Florida) in order to isolate BM-MSC.

6-week-old SKH1 mice were euthanized by exposure to CO; and the carcass were then rinsed
with 70% ethanol. The hind limbs were dissected in a sterile cabinet and stored on ice in PBS
supplemented with antibiotic (1x penicillin/streptomycin) while awaiting further dissection.
Muscle and connective tissue were removed from the femur and the tibia. Extrusion of the
bone marrow were performed in a standard biosafety cabinet using proper sterile technique.
The ends of the tibia and femur were cut just below the end of the marrow cavity, which is
evident by the transition from a red to white coloration in the bone, using a pair of sharp
scissors. A 22-gauge needle attached to a 10 cc syringe containing complete medium were
then inserted into the spongy bone. The marrow plug will be flushed from the bone with 0.5
ml of complete medium and collected in a 50 ml conical tube on ice. Marrow plugs were
dissociated into a single cell suspension by repeated passage (3x%) through an 18-gauge needle
attached to a 30 ml syringe. The cell suspension was then filtered through a 70 um strainer to
remove any bone spicules. Cell yield and viability were determined by trypan blue. Cells were
seeded at a density of 2 x 10° cells/mL and incubated in a humidified incubator at 37°C with
5 % COz. After 72 hours, the non-adherent cells that accumulate on the surface of the dish
were re-suspended by gentle swirling, aspirated, and replaced with complete medium. The
primary cultures were approximately 80% confluent in one week or 10 days. Media were
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replaced every 3-4 days. All cell manipulations were done using an airtight, oxygen-controlled
chamber in 5% oxygen.

For subculture, plates were washed with PBS 1x and incubated for approximately 5 min at
37°C with 0.25 % trypsin/0.02 % EDTA. A small amount of medium supplemented with FBS
(0.5 ml) were added to inactivate the trypsin. Cells were centrifuged at 300xg for 10 min at
room temperature and suspended in a-MEM supplemented with 20% defined FBS (heat
inactivated) and 10 pg/mL ciprofloxacin. At culture passage 1(P1) cells were seeded at a
density of 1x10* cells/cm?. Starting from P2 the cells were seeded at a density of 5x103
cells/cm?.In order to fractionate MSCs from hematopoietic lineages in plastic adherent
cultures the immunodepletion by Dynabeads® conjugated with CD11b, CD34, and CD45

antibodies were performed as reported?’.

6.2 Mice BM-MSC characterization by FACS

To assess the immunophenotype, at culture passage 1 (P1) the adherent cells were harvested
for surface antigen analysis. BM-MSC were detached from plastic support with 0.25%
trypsin/0.02 % EDTA, counted, and aliquoted in FACS analyses polypropylene tubes (0.5~
1x108 cells/tube). BM-MSC were incubated in blocking buffer (100 uL each 0.5-1x10° cells)
containing Dulbecco’s Modified Eagle’s Medium, 10% FBS, and 0.1 M sodium azide and
human immunoglobulin y and incubated for 20 minutes on ice.

The samples were washed in PBS 1x and re-suspended in PBS with 0.5% bovine serum
albumin and stained on ice and in the dark for 30 minutes with the following rat anti-mouse
dye-conjugated monoclonal antibodies: APC anti-CD45 and BB515 anti-SCAL. In all the
experiments, the corresponding isotype-matched antibodies were used as negative controls.
Cells were stained with 7AAD in order to select only the viable cells. Data were collected

using a FACS Aria 1l flow cytometer and analysed on FACS Diva software.
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6.3 Mice BM-MSC labelling by DIR

In order to identify the BM-MSC biodistribution, at culture passage 2 (P2) the adherent cells
were washed with PBS (3 times), detached from plastic support with 0.25 % trypsin/0.02 %
EDTA and centrifuged at 300xg for 10 min. Then, the cells were incubated in 3.5ug/mL DiR
(in PBS) for 30 min at 37°C. At the end of incubation, the labelled cells were spun down at
1000rpm, for 3 min at 4°C, resulting in a blue pellet. In order to remove free dye cells, the
pellets were washed 2x in PBS (cells were centrifuged after each wash: 1000rpm, 3min 4°C).
After washes, the cells were eluted into PBS. Cell suspensions were counted and 1milion of

labelled (DiR+) or un-labelled (DiR-) cells in 200 pL of PBS were injected i.p. in the mice.

6.4 Sepsis animal model

For the purpose of this pilot study, male SKH1 mice aged between 6-8 weeks were introduced
in the study. Animals were grouped of 4-5 in polypropylene cages with wood chip bedding
and environmental enrichment (shredded paper and cardboard tubes). All injections were
prepared fresh on the treatment day and given intraperitoneal (i.p) in a final injection volume
of 100 pl. Controls (groupl, n =7) received sterile i.p injection of phosphate buffered saline
(PBS, pH 7.4) (n=7), while lipopolysaccharide was made up to 40 pg/mouse (group 2, n=7)
or 10 pg/mouse in (group 3, n=7)1%, LPS was diluted in a final volume of 100 pl PBS pH 7.4.
Animals were sacrificed at 6 and 24 hours. Whole blood was collected into commercially
available heparin-treated tube. Cells were removed from plasma by centrifugation for 15
minutes at 1,000x g using a refrigerated centrifuge. The resulting supernatant was designated
plasma. Plasma was transferred into a clean polypropylene tube. The samples were maintained
at 2-8°C while handling. If the plasma were not analysed immediately, the plasma was
apportioned into aliquots, stored, and transported at —80°C for the analysis. It is important to

avoid freeze-thaw cycles.
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Treatment groups:

(A) LOW DOSE LPS: 10 pg/mouse by i.p (8 pl stock solution 1250 pg/ml) (time points
=1h(S1),6h(T2),24h(T1)n=14)

(B) HIGH DOSE LPS: 40 pg/mouse by i.p (32 ul stock solution 1250 pg/ml) (time points
=1h(S1),6h (T2),24 h (T1),n=14)

(C) CONTROL: 100 ul PBS (vehicle). (the animals were sacrificed at 6 h, n = 7)

Notes: S1= group 1 n=7, plasma samples collected at 1 hour after LPS injection; T2= group 2
n=7, plasma samples collected at sacrifice, 6 hours after LPS injection; T1= group 1 n=7,
plasma samples collected at sacrifice, 24 hours after LPS injection. Total of 35 animals, 49

plasma samples collected.

6.5 Cytokines measurement in murine plasma

PGE2 and cytokines (IL-6, IL-10, IL-13, IL-2, TNF-a, MIP1la, MIP1B, GMCSF, TNF-q,
MCP-1, IL-B, IL-27, MIP2, RANTES, KC, IL-5, EOTAXIN, IP-10, IFN-y.) were quantified
with ELISA kit at each time point (kit code KGE004B and LXSAMSM-21 respectively, all
from R&D System, Minneapolis, MN, USA). In particular, in euthanized mouse a cardiac
puncture was performed to isolate 500 pL of total blood. The tubes containing total blood and
EDTA were centrifuged to isolate the plasma. Plasma samples were stored at —80°C until
assayed. The results were expressed in pg/ml represented as mean values £ SD of the mean.
Statistical analysis was performed using Graph Pad Prism 8.3 software (GraphPad Software,
La Jolla, CA). The three arithmetic averages obtained by each sample of a group were
analysed by using two-way ANOVA (*p < 0.05; ****p < 0.0005). All data were shown as

mean + SD.
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6.6 Proposed model for MSC sepsis model

Basing on literature we proposed theoretical PK-PD models. Considering that in our murine
disease model the factors involved were LPS, MSCs and cytokines, we developed a type Il
model to connect LPS, MSCs and cytokines, as reported (Figure 5a).

Observed data arising from in vivo study were plotted for each cytokine concentration versus
simulated data ruled by differential equations of the supposed model. If the observed and the
simulated curves fitted, as indicated by the ordinary least squared values or residual
analysis!®, the proposed model was applied to describe the PK-PD relationship of our sepsis
model.

By referring to Gabrielsson'®, we extended differential equations for the description of the
relationship between LPS, MSCs and cytokines (Figure 5b). MSC and LPS equations
described the concentration of MSC and LPS respectively, over the time course. Cytokine
equations described the time course of the cytokines that were in turn influenced by Ksyn and
Kbpeg Of the cytokines themselves, the maximum cytokine concentration and the 50% of the
maximum concentration of cytokine induced by LPS or MSCs, and the concentration itself of
LPS or MSC. Considering an i.p route of administration, the MSCs and LPS kinetics followed
the rules of a two compartments model, where the dose was the first compartment and the

second, the central (plasma) compartment (Figure 5¢). The dose compartment kinetic rule or
the rate of absorption of the dose was: % = dose — Ka*A, where A was the amount of the dose

remained to be absorbed, Ka was the absorption constant that drives the MSCs or LPS from

the dose to the central compartment. The kinetic into the plasma compartment was described

by this equation: V * Z—f = Ka*A - CI*C, where CI was the clearance from plasma
compartment and C the concentration of LPS or MSCs. Instead, the cytokines followed

equations in which the stimulus or the inhibitory effect induced by MSCs and/or LPS were
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7 RESULTS

7.1 Mice BM-MSC expansion and characterization by FACS

BM-MSCs cells isolated by 6-week-old SKH1 mice in collaboration with Dr Phinney Lab
(Jupiter, Florida) to Department of Medical and Surgical Sciences for Children & Adults
(Modena), were thawed and plated in a-MEM + GlutaMAX supplemeted with 5% human
platelet lysate (hPL). Cells were incubated in a humidified incubator at 37°C in 5% oxygen
for 3 days. At the end of the third day, at passage (P) 1 the BM-MSCs showed a fibroblast-
like morphology typical of murine MSCs, but no proliferation was observed (Figure 6).
Murine MSCs were detached and analysed by FACS. (Figure 7). BM-MSCs were detected
basing on the size (FSC-A) versus granularity (SSC-A) and SSC-A versus the absence of the
apoptotic marker surface 7AAD (Figure 7a and 7b). 95% of the BM-MSCs resulted alive
(TAAD"). Moreover, the cells with the isotype CD45 and SCA1 were checked in order to
distinguish between the hematopoietic (CD45%) and mesenchymal stromal (SCAL1*) lineages
(Figure 7c and 7d). SCA1 was indeed the marker surface of MSCs able to differentiate to
osteocyte, adipocyte and chondrocyte lineages'®. Murine MSCs resulted CD45 negative and

positive for SCAL.

7.2 Mice BM-MSC labelling by DIR

BM-MSC cells of culture P2 were detached, centrifuged, counted and stained with 8.2 uM
DiR. BM-MSCs (1x10°) were labelled and injected i.p (1x10° in 200 pl PBS) in mice.
Negative controls (PBS only injected) were also included. After both 1 hour and 24 hours
from the injection, MSC-treated and control negative mice were visualized by VIS imaging
(Figure 8). After 1 hour, no signal was detected, however after 24 hours the fluorescence was

visibly marked in the abdominal part. In particular, the spleen was strongly positive.
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7.3 Cytokines measurement in plasma samples

PGE2 and cytokines were quantified in SKH1 murine plasma (Figure 9) obtained after
sacrifice at 1 h, 6 h and 24 h of control, low and high dose of LPS. In the measurement of
PGEZ2, the control group showed 18012.1 pg/ml, while the 10 pug and 40 pg LPS-treated
groups did not show any significant increase at each concentration of LPS administered. IL-
6, TNF-a, GM-CSF, MCP-1, MIP-1p, IL-4, IL-1B, IL-10, IL-17a, MIP-1a, IL-27 levels
showed a marked and highly significant response in comparison to the control group at 1 hour.
Particularly, IL-6, MCP-1 and MIP1-B reach marked plasma levels between 20,000-50,000
pg/ml with 10 ug of LPS. Interestingly, MIP-2, RANTES, EOTAXIN, IFN-y, KC, IL-5 and
IP-10 increased later in plasma, showing a concentration peak at 6 hours. No relevant amount
of mediators at 24 hours, except for EOTAXIN and KC chemokines, could be detected. On
contrary, 1L-12p70 significantly decreased at 1, 6 and 24 hours at the administrated dose of

10 and 40 pg LPS. IL-13 and IL-2 showed levels below the quantitation limit (BLOQ).

7.4 Proposed model for MSC sepsis model

To set-up the PK-PD Model 11 we began to refer to LPS and MSC experimental data from
literature. Specifically, for LPS we simulated a dose of 10 ug and 40 pg considering the kinetic
profile of LPS in murine plasma after i.p injection measured by Barros et al.*'°. Moreover,
for MSC we proposed the kinetic profile described by Shim et al.'!!, simulating the MSC
pharmacokinetic after the administration of 1x10° MSCs per mouse by i.p. In Figure 10, we
reported the results obtained by the computational PK-PD Model IlI. In a, the Kinetic profiles
of TNF-a, IL-6, IL-10 and PGE2 were expressed as observed and simulated, in vehicle, high
dose and low dose of LPS groups. In b, the cytokine kinetic profiles were simulated
considering the MSC effect. Observed and simulated data seem nearly overlap when MSC

effect was not considered (Figure 10a).
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8 DISCUSSION AND CONCLUSION

This thesis focuses on MSC biodistribution, addressing the PK and PD aspects of these

intriguing stromal progenitors originally reported in the 196012,

Considering their safety, MSCs have been introduced into clinical practice for a variety of
severe and/or rare pathologic conditions when standard approaches have limitations or are no
longer effective!3. Despite the growing applications of MSCs in trials, much still needs to be
addressed regarding their biodistribution, especially since clinical success of an MSC-based
product should require preclinical research with appropriate PK-PD investigations in early
phases of development to better understand MSC functions and increase their efficacy in
patients. In this way, the progression of MSC-based therapy towards improved clinical
development could be expedited and early interruptions or unexpected results in later phases
could be avoided. Currently, of the 800 clinical studies on MSCs, less than 5% are phase Il

trials (source: www.clinicaltrials.gov; searching with key words: MSCs, mesenchymal stem

cells, mesenchymal stromal cells) and only 10 MSC-based products have been granted market
authorization so far, which may also suggests that the lack of PK-PD studies might impact
clinical development!4, In practice, a translation preclinical-clinical PK-PD model is not
considered by the regulatory agencies for establishing the optimal dosage of MSCs. In fact,
FDA guidelines'® recommend to provide preclinical proof of concept and toxicological
studies that include the determination of the pharmacologically effective dose range; the
optimization of the route of administration with confirmation that the product reaches the
target anatomic site; the optimization of the timing of administration relative to disease onset
and finally the characterization of the putative mechanism of action!'®, Robust results from
preclinical animal research and novel 3R-respecting in vitro investigations could provide

MSC PK and PD data that are useful for clinical dose planning in the same way that it has

38


http://www.clinicaltrials.gov/

been applied for biologics and small molecules'!’. For this reason, we focused first on key
PK- and PD-related factors and their associated variables that may pave the way for

standardization in MSC biodistribution research, and successively on a PK-PD model.

The proposal of a PK-PD model*!® represents a promising challenge to overcome the
preclinical-clinical gap in which the based-MSCs therapeutic strategy may collapse. For this
reason, we wanted to introduce several PK-PD models that simulate the relationship between
the pharmacokinetic of the drug (MSCs) and the pharmacodynamic effect of the cytokines in
LPS-induced sepsis model, presenting different levels of complexity. In fact in a simple Model
I, only MSC turnover is considered having an impact on the cytokine release and persistence.
However, the involvement of LPS and MSC on cytokine response is considered in a Model 11
and also in a more complicating Model 111, in which many feedbacks are inserted to mimic a
more realistic molecular pathway. Simulated PK-PD model Il of preliminary in vivo sepsis
model results show that the Model Il seems to better highlight that the observed data show a
good fitting with the simulation driven by the Model 1l differential equations (Figure 10a).
Next in vivo studies will be necessary to confirm whether the proposed PK-PD model could
predict the cytokine kinetic profiles after MSC administration in a sepsis LPS-induced mice
model (Figure 10 b). Moreover, we retain that an accurate validation of the PK-PD Model II,
would require the sample plasma analysis obtained by at least three LPS and MSCs dose
treatments in a long time course, so that a good correlation between the predicted and observed
data generated by different MSCs and LPS doses, allow us to adopt the PK-PD model to
simulate PK-PD effect following different LPS and MSCs murine administration.

119

Nevertheless, the implementation of a human PBPK model and literature clinical data*,

could support us to predict the human efficacy MSC dose to adopt in a sepsis condition.

Therefore, considering our PK-PD sepsis model, a good preclinical-clinical translation would

require (a) to clarify the PK-PD effect by collecting in vivo preclinical PK MSC data and the
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respective cytokine levels; (b) the development of a PBPK modelling to characterize the in
vivo kinetics of MSCs in the animal model; and (c) the PBPK model calibration for
interspecies scaling of the PK-PD effect. Considering our strategy, we can assert that the
collection of murine MSC biodistribution data will be crucial for the PBPK advance. Once
the PBPK model simulation will be established, a comparison between observed experimental
and predicted data will be performed for model validation. Additionally, the comparison of Il
and 111 Models could be of utmost importance to investigate which of the two computational
models may be more suitable to dissect the complicated connections established in the

inflammatory state of LPS-induced mouse model.

Looking at the investigation of the cell-related and efficacy biomarkers, the in vivo pivotal
LPS-mice study provided important information about the sepsis condition. PGE2 plasma
levels did not show significant increase after LPS stimulation, although a mild release was
detected at 1 hour at both LPS doses. This result agrees with in vivo LPS-induced mouse acute
liver injury model, in which PGE2 level in LPS group is nearly close to the control group after
12 hours from the administration?°. On the opposite, in vitro results of murine RAW264.7
macrophages culture treated with LPS resulted in 3-fold increase of PGE2 levels at 3 hours
after LPS, compared with untreated culture. We can suppose that the different results need to
be searched in the dissimilarity between in vitro and in vivo experimental methods. In fact in
the first case, LPS treatment promotes the direct activation of macrophage culture to induce
PGE?2 secretion; in the second one, i.p administration of LPS spread an inflammatory state
that involves many immune cells and cytokines'?. Plasma cytokines analysis showed that the
prominent increase of IL-6, TNF-a and IL-10 levels (together with other inflammatory
mediators) at 1 hour (above all at 10 pg), were a clear early inflammatory signal. This was

122

also supported by Hao*“~ sepsis LPS mice model, where IL-6, IL-1B, TNF-a showed a peak

concentration until 3 hours before to decay; moreover Németh® reported that 1L-10 reached
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a peak concentration at 6 hours after cecal ligation induction. Particularly, IL-6 and MCP-1
reached the highest plasma levels at 1 hour after LPS 10 pg. It is in fact well known that IL-6
and TNF-a are abundantly secreted by monocytes and macrophages after the interaction of
LPS with their membrane receptor CD14. This activation provides the background for the
septic pathophysiology induced by LPS*?3, Although the IL-4 cytokine is still high at 6 hour
both at high and low dose, most of the early mediators show a drop-off at this time point,
making way at the chemokines such as MIP-2, RANTES, EOTAXIN, KC and the cytokines
IFN-y, IL-5 and IP-10. Therefore, we can speculate that after a first immediate release of a
cytokine wave at 1 hour, the immune system at 6 hours is stimulating the recruitment of
different types of leukocytes (chemotaxis) to the site of inflammation, as if the chemokines
themselves had an essential role in leading both the immune cell trafficking and then the
transition step between the innate immune and the adaptative cells'?*. As proof of concept,
the persistent plasma levels of EOTAXIN and KC at 24 hours, chemokines usually involved
into leukocyte migration and into the onset of inflammatory disorders, seem to indicate a
continuum in the inflammation process promoted by LPS, in particular at 40 pug 24 hours,
however the BLOQ levels of IL-13 that is mainly produced by the adaptive immunity cells
Th2 cells'®evidences that the adaptive immune response is not yet noticeable. Therefore we
can affirm that we induced a primary immune response after 10 pg and 40 pg of LPS

administration and the innate immune cells are prevalent, as expected!2°.

In conclusion, reproducing a sepsis murine model LPS-induced, we have provided
preliminary data for the validation of a PK-PD MSC model that underscores the importance

of PK and PD for the success of MSC-based therapies.
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Figure 1. Parekkadan and Milwid pharmacokinetic analysis of MSCs. a. Two-compartment pharmacokinetic model of MSCs after intravenous
(i.v.) delivery. Rj, injection rate; R, clearance rate; K1, rate of extravasation; Ko, rate of intravasation. b. Theoretical engraftment of MSCs with
assumption of 100% cellular viability and activity over time. c. Apparent engraftment of MSCs with a decaying retention of 24 hours. The apparent

activity is considered to be the product of the unit activity per cell and the number of cells remaining after injection (Parekkadan et al. 2010).
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Figure 2. Two-functional-compartments PK-PD model in sepsis. a. Multipotent mesenchymal stromal/stem cells (MSCs) are challenged in a
sepsis model causing prostaglandin-E2 (PGEZ2) release that, in turn, acts on PGE2 receptors on macrophages. The macrophage receptor binding is
responsible for the increase in interleukin (IL)-10 production and a reduction in serum tumour necrosis factor (TNF) -a. The molecular pathway
was described by Németh et al. 2009. b. The two-functional-compartments PK-PD model. The PK biomarkers are the MSCs and their secreted

molecules leading to the PD effect. The PD biomarkers are the cytokines as markers of the therapeutic activity.
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Figure 4. Type of turnover PK-PD models. a. Model I: simple turnover model in which the challenger (LPS) is fixed and not included in the

model b. Model 1l: the challenger (LPS) is measured and included in the model c. Model Il1: high degree of complexity of PK-PD turnover model
in which many factors are included (e.g. bystander cells).
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Figure 5. Type Il model PK-PD for MSCs in sepsis murine model LPS-induced. a. Multipotent mesenchymal stromal/stem cells (MSCs) and
LPS influence PGE2, IL-6, IL-10 and TNF-a cytokines. Red arrows represent positive stimulus or secretion, green arrows represent negative

stimulus or inhibition. b. Dose and central (plasma) compartment for MSCs and LPS after i.p administration. The dose compartment is described
b . . dApps __ dAmscs _ .
y the following equations: = Dose — Ka * A; ps for LPS, and —Q = Dose — Ka * Ay 5cs for MSCs; the central compartment

- . vd(C
rules the following equations: Yd[Crrs] tLPS]

= Ka * A;ps — Cl * C; pg for LPS, and % = Ka * Apyscs — Cl * Cyy5cs for MSCs c. The

cytokine effect over the time course is described by the differential equations of the PK-PD model 1I. The type Il PK-PD model takes into

consideration both the LPS and MSC effect.
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Figure 6. BM-MSCs Morphology. 24 hours and third day post thawing of BM-MSCs plated with a-MEM + GlutaMAXx and human PL

supplemented. The third day BM-MSCs showed a nice morphology.
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Figure 7. FACS analysis of BM-MSCs. a. Detection of murine MSCs basing on the granularity (SSC-A) and size (FSC-A). b. Detection of alive
cells, negative for the apoptotic marker surface 7AAD (7AAD"). c e d. Detection of CD45 and SCA1 marker surface in order to distinguish between

the hematopoietic (CD45+) and mesenchymal stromal (CD45 SCA1+) lineages.
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Figure 8. BM-MSCs DiR Labelled. IVIS imaging of mice BM-MSCs DiR labelled treated. After 1 hour, no signal was detected (data not

shown); after 24 hours the fluorescence was visibly marked in the abdominal part. In particular, the spleen was strongly fluorescent
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Figure 9. Cytokine quantification in plasma. Histograms of cytokines quantified in plasma 1, 6, 24 hours following a single injection of LPS

10 or 40 pg by i.p in SKH1 mice. Control group cytokine measurement was performed only at 6 hours. Individual bars were plotted as mean +
SD per time point. Data were analysed by two-way ANOVA followed by Tukey’s multiple comparisons test, * p<0.05, ** p <0.01, *** p <

0.001, **** p < 0.0001 compared to control
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Figure 10. Plot of PK-PD Model Il. Cytokine kinetic profiles versus time of observed and simulated data in vehicle (without LPS) low (10
ug/mouse) and high dose (40 pg/mouse) LPS groups. Blue dots represent the experimental data; Red lines represent the biomarkers simulated
plasma profile of cytokines without MSC effect. Green lines represent the biomarkers simulated plasma profile of cytokines with MSC effect

Observed data are mean + SD; Simulation curve profile is a mean of simulated data got from Model Il differential equations.
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TABLES

Table 1. Biodistribution Studies of MSCs in Preclinical Settings

Treatment-related parameters

Tracking methods

Lung .
Authors ) ; ; Endpoints
MSC- _ trappin In vivo Exvivo
Model SC Labelling Route Dose PpIng
source read-out read-out
Murine 5
A-H. Irradiated | BM CFU-F ) » 4x107/mouse NO ) Chromosome- | CFU-F cells
Piersma et mouse cells o marked donor | distribution
al., 1983
: Irradiated Transgenic 1- Tissue
R. F. Pereira marrow / V. . YES / PCR o
etal.: 1995 mouse mice 6x10°/mouse distribution
In situ
hybridization
K. W. Fetal Sh.eep Human . |p into 1X108- Immunohistoch Tissue
Liechtv et al early in Fluorescein 8 NO / PR
Iechty et al., gestation BM the fetus 2x10°/kg emistry distribution
2000
PCR
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Treatment-related parameters

Tracking methods

Lung .
Authors . i i Endpoints
- trappin In vivo Ex vivo
Model MSC Labelling Route Dose PPIng
source read-out read-out
Whole body
111-oxine Y scanning and real- Oraan
J. Gaoetal., Rat Rat BM radiolabel z;mlt,j i. B 1-1.3x10%rat YES time monitoring / distrigution
2001 P with scintillation
camera
Whole body
eGFP imaging with Immunofluores
C. Niyibizi et Neonatal Murine cDNA; ™~ 5x10%/mouse YES f|u'0rescence cence and Or_gan_ / tl_ssue
al.. 2004 mouse BM ALP microscopy Western blot distribution
activity (GFP)
Luciferase Histopathology
. nd green . .5x10%/m . H&E, CSFE rgan
S. Schrepfer Mouse Murine f? dgree iV, 0.5x10%/mous YES BLI &E CE i O'kg)]a )
et al., 2007 uorescent e staining by istribution
dye CSFE microscopy
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Treatment-related parameters

Lung

Tracking methods

Authors . i i Endpoints
i traopin In vivo Ex vivo
Model MSC Labelling Route Dose PPIng
source read-out read-out
L. Zangi et Staining for
al, Mouse Murine Luciferase LV, i 2x10%/mouse YES ot specific Tissue
BM Ve 1B markers and distribution
2009 H&E
Real time PCR
Al .an .
Ausen 0 | i
Mouse ELISA ’ distribution,
R.H. Leeet with Human o SIRNA.
: N/A iv,ia | 2x10%mouse YES N/A _ ' release of
al., 2009 WB;OC&VF"a' BM microarray, therapeutic
infarction :
histopathology protein, heart
by Masson pathology
Trichrome
Traumatic SPIO Intracerebr Psrr;zl;ngbt:;e Brain
J1.Chenget | brain Rat BM a0 sx10%rat N/A MRI contrast phase distribution and
al., 2010 Injury In (stereotaxi nd electronic | Characterization
rat C) ) of MSC
microscopy

60




Treatment-related parameters

Tracking methods

Lung .
Authors . i i Endpoints
- trappin In vivo Ex vivo
Model MSC Labelling Route Dose PPIng
source read-out read-out
H&E and
Masson-
trichrome Organ/tissue
sectionsby | distribution and
) Liver . electronic haracterizati
T H Kimet | T MNP an Intrasplen : characterization
'm € cirrhosisin | Rat BM and asplent 3x10%/rat NO MRI microscopy, of the MSCs
al., 2010 SPIO C
rat fluorescent (pre-implant)
DAPI image
analysis by
confocal
microscope
Tissue
S-Y. Nam et Rat model Rat Au NTs i.m. 1x10° /rat NO US/PA US/PA dlstrlbgt_lon_and
al., 2012 quantification
of MSCs
) i Organ/tissue
C.Wuetal, Rat n_10de| Luciferase i Real time PCR distribution
» of liver Rat BM and REP S.M.V. 2x10°/rat NO BLI and MRI and Western IStribution;
014 injury (bDNA) blot, characterization
of MSC (pre-
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Treatment-related parameters

Lung

Tracking methods

Authors . i i Endpoints
i traopin In vivo Ex vivo
Model MSC Labelling Route Dose PPIng
source read-out read-out
and Prussian plue Implant;
PAI/SPION and H&E transaminases
staining levels
Histopathology
M. A. Mouse Human : Prussian blue | Organf/tissue
Hossain et ATPS-MNP i.m. / NO MRI ' 'g o
model BM by electron distribution
al., 2014 :
microscope
Histology,
FJ. Wang et Human Lumgit;rase : . 6 YE.S higher BLI |mm'un0h|stoch Organ/tissue
al. 2015 Mouse BM and [*"Tc]- | i.a.ori.v. | 1x10°mouse | fori.v. than o emistry (Alu distribution
5 HMPAO ia. and scintigraphy | sequence) and
gPCR
. Near-infrared and Histology, .
S. M. Kim et Glioma Human | NIR675 and . 6 visible spectra | immunohistoch Orggn/braln
xenograft (A 1x10°/mouse YES . tissue
al., 2016 BM GFP fluorescence emistry and o
mouse ) . distribution
Imaging gPCR
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ALP, Alkaline phosphatase; Au NTs, gold nanotracers; ATPS, aminopropyltriethoxysilane iron oxide; BLI, bioluminescence imaging; BM, bone
marrow; cDNA, complementary DNA; CFU-F, fibroblast colony-forming units; CSFE, 5-(and -6)-carboxyfluorescein diacetate succinimidy! ester;
DAPI, 4'.6-diamidino-2-phenylindole; eGFP, enhanced green fluorescent protein; ELISA, enzyme-linked immunosorbent assay; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; GFP, green fluorescent protein; H&E hematoxylin and eosin; i.a, intra-artery; i.m, intramuscularly;
I.p, intra-peritoneal; i.v, intravenous; MRI, Magnetic resonance imaging; MNP, metal nanoparticle; NIR675, near-infrared 675; NOD, non obese
diabetic; PA, photoacoustic; PAI, poly(ethylene glycol)-block-poly(l-aspartic acid)-grafted polyethylenimine; pDNA, plasmids DNA; PCR,
polymerase chain reaction; gPCR, quantitative polymerase chain reaction; RFP, red fluorescent protein; siRNA, small interference RNA; s.m.v,
superior mesenteric vein; SPIO, superparamagnetic iron oxide; SPION, superparamagnetic iron oxide nanoparticles; **"Tc-HMPAO; *™Tc-
hexamethyl propylene-amine-oxime; US, ultrasound.
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Table 2. Key Findings from Preclinical Studies on MSC Biodistribution

Findings References

a | MSCs are transplantable cells via the intravenous | 33
route

b | MSCs are trapped in the lung after systemic | 34
administration

¢ | The route of administration and the pulmonary vessel | 35,36
size influence lung trapping

d | Intrinsic MSC properties and microenvironment cues | 37,39
can affect their biodistribution

e | Immunity plays a role in MSC biodistribution 40,41,42,43,44,45,46,48

f | Inflammation and cancer influence MSC | 50,51,52,53,54,55,56,57,58
biodistribution

g | An MSC local delivery is more appropriate for an in | 56,57,58,59,60
situ focal regenerative impact

h | The reported immunogenicity of MSC allowed pre- | 40,41,42,43,44,45,46,48
clinical investigation in auto-, allo-, and xenogeneic
recipients

i | MSCs can restore tissues due to their intrinsic | 50,51,52,53,54,55,56,57,58
properties and cross-talk with the target pathological
environment

J | Bone marrow is the most selected source for MSCs | 33,34,35,37,40,48,50,51,54,56,57,58,60

k | Rodents are appropriate and the most frequently used | 33,34,35,36,37,48,50,51,54,56,57,58,59
preclinical models ,60

| | Intravenous MSC administration is the most applied | 33,34,35,37,48,50,51,57
preclinical route

m | Combinations of in vivo and ex vivo tracking | 37,48,54,56,57,58,59,60
techniques provide qualitative and quantitative data
on MSC distribution over time
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Table 3. Factors Influencing the Planning of a Preclinical Biodistribution Study on

MSCs

Pharmacodynamic-related factors

v Mechanism of action and therapeutic effects

Target disease localization

v
v’ Pathophysiology of the disease
v

Microenvironment

Pharmacokinetic-related factors

v' MSC related: size, source, donor age and culture passages,
culture conditions, and immunogenicity

v" Non-MSC related: labelling, detection method, animal size,
and route of administration
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Table 4. Effect of PD-Related Factors on MSC Biodistribution Studies

PD-RELATED FACTORS

MSC MoA & Therapeutic Effects

Pathophysiology ofthe Disease

Variable Impacton Variable Impacton
iechin o - Type of disease:
Unclear MoA: ii df}’fllmgéﬂté?:?igguési local or systemic, MK souce, MESC
: S . L acute or chronic performance,
dr#erir;traa‘ron g:f:lzegliteltntr;r cells - ariibes of mapeciad
secretion locally implanted: - Patient age: £z and e of
- if by secretion, ’ young or old administration
cells may be also :
: - Type of involved
remotely implanted Fe ki e
7 i Active substances
Undefined -EGLI'!‘E' or chronic
and-‘r‘;re;nr:rfﬁp}e Active substances and inflammatory cells and efficacy
M5t b efficacy biomarkers biomarkers
substances & selection and - Stage of Selectl_nn and
MSC efficacy detection methods disease: early or detection
biomarkers advanced
Discrepancy In witro and in wvivo
between in vifro correlation, in  vitro
and in vive MoA prediction
Tissue Microenvironment Therapeutic Target Localization
Variable Impacton Variable Impacton
Lacl or minimal Local vs.
kﬂg‘geﬁge D;( the systemic MSC
impact on g Localized versus route of
Active substances 2
bystander cells and efficacy scattered target in administration
biomarkers the body [t{e local inﬁUEnCing:
Lack of markers identification or systemic - animal model
indicative of MSC disease) selec_tinn
response due fo - tracking
microenvironmernt methods
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Table 5. Effect of PK-Related Factors on MSC Biodistribution Studies

I PK-RELATED FACTORS / MSC-RELATED I
l Cell Size ] l MSC Tissue Source ‘
Variable [ Impact on ‘ ‘ Variable ‘ ‘ Impact on ‘
LU”tQ “-?Pg:lig after Different Evaluation of cell
systemic delivery morphology, size performance,
associated with: and specific differentiation and
- unpredictable biologcal features other biclogical
MSC MSC quantity at activities
diameter the target site and
fii h that
me 1o reach tha Autologous Donor selection
evaluation of Vs )
alternative delivery Alogeneicizse and clincal study
routes deslgﬂ
| Donor Age & Culture Passage | | Culture Conditions ‘
‘ Variable ‘ ‘ Impact on ‘ ‘ Variable ‘ | Impact on |
Impaired MSC Serum starvation Promotion of
performance due to and suboptimal premature
Aged MSC donor proliferation  rate, availability of aging, apoptosis,
with high number high oxidative stress growth factors transformation
of passages/PD and increased
E senscence
young MSC Use of growth : :
Al 8 Possible increase in andlor cytokines Possible antigen
number of tumoreginicity risk altering increase or
passages/PD associated with immunological decrease (HLA-DR)
extended culture profile
Low oxygen tension
| Donor Related Immunogenicity | Oxygen tension gan be associated
N performances
l Variable ‘ l Impact on |
Autologous vs Different MSC
allogeneic and distribution
xenageneic due to possible hast
(pre-clincal) immune reaction

PK-RELATED FACTORS / NON-MSC RELATED

MSC Labelling | | MSC Detection Method |
Variable | ‘ Impact on ‘ ‘ Variable ‘ l Impact on ‘
Viability and - Real time whole body
Genetic ve migratory ability MSC distribution
ical
CHELEE Long term studies - Noninvasive,
vs short-term In vivo provision of immediate
studies data, repeatability
o o - Evaluation of animal
Animal Size and Route of features (i.e hair color)
Administration S —
Feasibility and
Variable | l Impact on ‘ Ex-vivo sensitivity of post-
mortem assays
MSC bioavailability
Local vs
systemic

Presence or absence
of lung trapping
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Table 6. MSC Tracking Methods

In vivo imaging

Explanation and comments

Fluorescence

Dye on membrane cellular surface; lipophilic
carbocyanine dye for whole cell; green fluorescent
protein.

Easy visualization and no transfer to neighbouring
cells, possible cytotoxicity, reduction of signal after
mitosis, transfer or phagocytosis of dye to other cells
(false positive signal).

Bioluminescence

Luciferase gene report; high follow-up (until 120 days);
high tissue specificity, demanding set-up by skilled
staff.

Nuclear magnetic resonance

Paramagnetic nanoparticles (Gd); paramagnetic iron
oxide-based compound (SPIO, MION, MNP, APTS)-
High spatial resolution (25-50 pm), non-invasive,
repeatable, clinical setting, high cellular viability, high
costs and NMR availability.

Radiolabelling

18F-fluorodeoxyglucose  (18F-FDG); indium-111
(111In).

Spatial resolution (2 mm) and short-term follow-up
(until 48 hours)

EX vivo assays

Immunohistochemistry

Selectively imaging antigens (proteins) in cells of a
tissue section by exploiting the principle of specific
antibodies binding to antigens.

High sensitivity and specificity, not high throughput
and protocol optimization required

PCR

Amplification of DNA segments.
High sensitivity and specificity; quantification method,
cheap, fast, and simple testing: high throughput.
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GLOSSARY

ADME adsorption distribution metabolism excretion
AMT advanced medicinal therapy

APC antigen-presenting cell

AuUNTSs Au gold nanotracers

BBB blood-brain barrier

BLI bioluminescence

BM-MSCs bone marrow-mesenchymal stromal cells
BMT bone marrow transplantation

CO2 carbon dioxide

CSFE 5-(and -6)-carboxyfluorescein diacetate succinimidyl ester

EDTA ethylenediaminetetraacetic acid
ELISA enzyme-linked immunosorbent assay
EVs extracellular vesicles

FACS fluorescent activated cell sorting

FBS fetal bovine serum

FDA food and drug administration

GFP green fluorescent protein

Gl gastrointestinal

GMCSF granulocyte-macrophage colony-stimulating factor
GVHD graft-versus-host-disease

HLA-DR human leukocyte antigen — DR isotype
hPL human platelet lysate

i.a intra-artery

i.m intra-muscular

I.p intra-peritoneal

1.V intravenous

IFN- v interferon-y

IL interleukin

IP-10 interferon y-induced protein

IVIS in vivo imaging system

KC keratinocyte chemoattractant

LPS lipopolysaccharide
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MCP-1 monocyte chemoattractant protein-1

MIP macrophage inflammatory proteins

MoA mechanism of action

MNP metal nanoparticle

MRI magnetic resonance imaging

MSC mesenchymal stromal cell

NIR near infrared fluorescent nanoparticles

NOD non-obese diabetic

PAI poly(ethylene glycol)-block-poly(l-aspartic acid)-grafted polyethylenimine
PCR polymerase chain reaction

PD pharmacodynamic

PET positron emission tomography

PGE?2 prostaglandine-2

pPDNA plasmids DNA

PBPK physiologically based pharmacokinetic modelling
PBS Phosphate buffer solution

PK pharmacokinetic

S serial

SPECT single photon emission computed tomography
SCID severe combined immunodeficiency

SD standard deviation

SE standard error

SEM standard error of the mean

SPIO superparamagnetic iron oxide

SPION superparamagnetic iron oxide nanoparticles
T terminal

TNF-o tumour necrosis factor o

TSG-6 TNF-stimulated gene 6 protein

SPIO superparamagnetic iron oxide

US/PA ultrasound and photoacoustic imaging
a-MEM a-minimum essential medium eagle
7-AAD 7-aminoactinomycin D

3-TMRI 3-T magnetic resonance imaging
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