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Highlights
MSC products have largely diversi-
fied during the past decade, making
extrapolation about safety and effi-
cacy from first-generation products
inappropriate.

MSCs and other blood non-resident
cellular therapeutics display different
degrees of incompatibility with human
blood, which compromises their safety
and efficacy.
Intravascular infusion is the most popular route for therapeutic multipotent
mesenchymal stromal/stem cell (MSC) delivery in hundreds of clinical trials.
Meta-analysis has demonstrated that bone marrow MSC infusion is safe. It is
not clear if this also applies to diverse new cell products derived from other
sources, such as adipose and perinatal tissues. Different MSC products display
varying levels of highly procoagulant tissue factor (TF) and may adversely
trigger the instant blood-mediated inflammatory reaction (IBMIR). Suitable
strategies for assessing and controlling hemocompatibility and optimized cell
delivery are crucial for the development of safer and more effective MSC
therapies.
TF is the major determinant of cell pro-
duct hemocompatibility, and this
should be routinely monitored in all
therapeutics intended for intravascular
delivery.

MSC products from different tissue
sources display high variability in TF
expression, with potential lethal con-
sequences for patients when infused
systemically.

Once aware of the problem, a large
array of product and process innova-
tions became available to improve the
clinical delivery of systemically infused
cellular therapeutics.
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Risk of Severe Adverse Events with Intravascular MSC Therapeutics
Bone marrow multipotent mesenchymal stromal/stem cells (BM-MSCs) are one of the most
promising cellular therapies (see Glossary), although clinical implementation remains chal-
lenging [1]. Recently, a growing number of novel MSC products derived from tissues other than
BM, such as adipose tissue (AT) and perinatal tissue (PT), have entered clinical investigation,
now accounting for �50% of products applied in clinical trials (Figure 1A) [2]. Intravascular
application through intravenous or intra-arterial infusion is the most popular route of delivery for
diverse MSC products and has resulted in mixed clinical outcomes (Figure 1B) [3–7].

Meta-analysis has shown that infusion of first-generation BM-MSC therapies is safe [8], but
uncertainty exists regarding (i) hemocompatibility and optimal delivery of MSC products, (ii)
adverse events after infusion of large cell doses, and in particular (iii) the safety and efficacy of
novel AT- and PT-derived MSC products [3,5,9–13]. Potentially lethal adverse events, such
as thrombosis and embolization, can result from MSC incompatibility with the innate immune
cascade systems of the blood, and have been repeatedly reported in both animals and
human patients [7,10–25]. These reports of adverse events and single incidents of fatal
human cases potentially caused by thrombotic complications/embolism with diverse new
MSC products highlight the clinical need for new standards in hemocompatibility
assessment.

To ensure patient safety, Cox et al. recently emphasized that all cellular therapies intended
for intravascular delivery should be subject to hemocompatibility screening before clinical
application [13]. Product and process optimization and new clinical guidelines will be
necessary to supplement the current minimal standards for MSC product characterization
(see Clinicians Corner) [1,26,27].
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Clinical MSC Products Have Greatly Diversified in the Past Decade
A great diversification in production processes and tissue sources for the isolation of MSC-
therapeutics has taken place in the past decade. According to the FDA [2] and an updated
summary (Figure 1A), until 2008 MSC-like investigational new drugs almost exclusively com-
prised BM-MSCs. This preference is rooted in the history of MSCs that were originally
described by Friedenstein as BM-resident cells supportive of hematopoiesis [5,28], thus
making BM the first choice for therapeutic cells.

Initial studies focused on the multipotent differentiation potential of BM-MSCs to give rise to
skeletal tissues [29]. However, results from multiple groups demonstrated that even minimally
expanded BM-MSCs show little long-term engraftment and tissue-forming capacity upon
intravascular infusion [30–32], which is the most common route of cell administration
(Figure 1B). With long-term engraftment being limited, scientific focus redirected to Frieden-
stein’s second discovery: the trophic activity of BM-MSCs [28]. This rationale aims to employ
the beneficial trophic and immunomodulatory activity of MSCs for clinical use in regenerative
approaches and the treatment of severe immune ailments, and these presently account for a
large share of ongoing clinical trial activity [6].

Another crucial paradigm shift was the intriguing conception of MSC in vivo identity as peri-
vascular pericytes [33,34]. Indeed, the discovery that perivascular cells meeting the MSC minimal
criteria set out by the International Society for Cellular Therapy (ISCT) [26] could be isolated from
many vascularized tissues, and in high abundance in the case of AT and PT tissues, greatly
diversified the study and application of MSC products. The highly vascularized PTs in particular
harbor large quantities of pristine MSC-like cells with distinct phenotypes [35–38]. Several potent
cell types, such as placenta-derived decidual stroma cells (DSCs) [39], can easily be sourced and
minimally expanded for clinical use at early passage, and this has been suggested to yield better
efficacy in some clinical applications [40].

Since expansion of the MSC field from only BM to include a multitude of MSC products from
diverse sources, similarities as well as phenotypic and functional differences have been identified
[20,35,36]. Although MSC products are minimally characterized by surface marker expression
and differentiation capacity [26], their apparent differences require meticulous individual reas-
sessment of therapeutic safety and efficacy for different routes of delivery because equivalence
cannot be assumed. Crucially, intravascular infusion has remained very popular, even though the
majority of MSC products tested today are no longer derived from BM (Figure 1B).

Although diversification beyond BM overcomes a number of problems (e.g., invasive harvesting
technique, limited starting material, and potency issues), equivalence in hemocompatibility and
safety cannot be assumed for MSCs from alternative tissue sources expressing higher levels of
tissue factor (TF/CD142) [13,20–22,41–43], a key trigger of coagulation [41]. It is not clear
whether past evidence of BM-MSC safety can be extrapolated to products from other sources,
and how this interlinks with their efficacy [1]. In islet cell transplantation, the triggering of adverse
innate immune responses, termed the instant blood-mediated inflammatory reaction
(IBMIR) [44], has been identified as a crucial threat to graft survival and function, thus being
identified as an important target for therapeutic cell product optimization [44–48].

It could be argued that the unsatisfactory in vivo engraftment, compromised bioactivity, and the
questionable safety profile of many non-hematopoietic extravascular (stem) cell therapeutics
being delivered by intravascular infusion presents an undesirable obstacle to their clinical
application [1,3–6,48,49].
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Glossary
Cellular therapy: a therapy (e.g.,
stem cell therapy or immunotherapy)
which employs cellular material (e.g.,
MSCs, immune, or islet cells) that is
delivered into a patient by different
routes of application (e.g., systemic
intravascular injection or local
transplantation) in an attempt to cure
or alleviate illness.
Coagulation: the process by which
blood changes from a liquid to a gel,
by forming a blood clot, for example
upon blood vessel injury, promoting
hemostasis and cessation of blood
loss from a damaged vessel. Under
pathological conditions, clotting may
lead to thrombosis, the cessation of
blood flow inside blood vessels.
Hemocompatibility: medical
devices that contact blood during
clinical use must be hemocompatible
(biocompatible with blood; ISO10993-
1/4) to not adversely interact with
blood components, and this may also
apply to therapeutic cells.
Instant blood-mediated
inflammatory reaction (IBMIR): a
detrimental instant innate immune
attack that can compromise the
safety and efficacy of infused cellular
therapeutics and medical devices in
contact with blood.
Perinatal tissue: the perinatal
period commences at 22 completed
weeks (154 days) of gestation and
ends 7 completed days after birth,
with the term perinatal tissue ‘stem’

cells referring to progenitor cells
obtained from developmentally young
gestational tissue (e.g., placenta,
decidua basalis, chronic villi, amnion,
and amniotic fluid, as well as
umbilical cord matrix and cord blood)
obtained around the time of birth
either by cesarean or natural birth.
Tissue factor (TF/CD142/
coagulation factor III): a
glycoprotein that triggers the extrinsic
pathway of the coagulation cascade
by initiating thrombin formation from
the zymogen prothrombin [41].
Expressed in cells that are normally
not exposed to flowing blood, such
as subendothelial cells (e.g., smooth
muscle cells) and cells surrounding
the blood vessels (e.g., fibroblasts),
while the inside of blood vessels is
lined with endothelial cells that do
not express TF unless exposed to
inflammatory mediators such as
TNF-a.
Intravascular MSC Therapeutics Display Incompatibility with Human Blood
It has been a matter of debate whether MSCs are suitable for contact with blood in vivo, and
whether this changes upon expansion ex vivo (Figure 2) [50–52]. MSCs from different tissue
sources differ largely in their hemocompatibility [7,13,20–22], and infusion of procoagulant TF-
expressing cell products, such as MSCs, hepatocytes, and pancreatic islets, triggers innate
immune attack (IBMIR) that compromises cell engraftment, safety, and efficacy (Figure 3;
Tables S1 and S2 in the supplemental information online) [44,53,54].

Shapiro et al. first reported causality for clinical cells’ triggering of IBMIR, their compromised
bioactivity (e.g. Loss of insulin production) and subsequent loss in clinical efficacy (e.g. Reversal
of insulin independence), thus requiring infusion of multiple cell grafts [45–47]. Similarly, infused
MSCs are rapidly embolized and destroyed in the microvasculature, at least partly caused by
their triggering of IBMIR, which compromises their bioactivity and may lead to thromboembo-
lism when used without anticoagulants [10–12,14–16,55,56].

Intrinsic Hemocompatibility and Incompatibility of Stem Cell Types In Vivo
Several progenitor cell types with (potential) circulating phenotype are of interest when dis-
cussing the hemocompatibility aspects of cellular therapies (Figure 2A): (i) hematopoietic stem
cells (HSCs), (ii) endothelial progenitor cells (EPCs), and (iii) various types of MSCs that are
resident throughout different organs and tissue locations within the organism [57–59]. A
common feature of progenitor cells is their intrinsic tropism and migration towards wounds
and inflammatory sites [49]. To reach their target, progenitor cells can be selectively mobilized
from their in vivo reservoirs and attracted by specific cytokine and chemokine gradients
produced by the injured tissue and the local immune infiltrate [59].

Cellular homing responses are enhanced by blood activation products that are released upon
vessel rupture [60]. MSCs express receptors for complement activation products (e.g., C3a,
C5a) that partly guide their chemotactic responses [61] to harness their tissue repair properties
and safeguard vessel integrity [7,62]. A major difference between HSCs/EPCs and MSCs,
however, is that the former two are well known to mobilize into the bloodstream from their in
vivo reservoir and circulate in circadian fashion [59,63,64], while this is less clear for MSCs
[1,50–52]. MSCs are predominantly extravascular cells that reside in the perivascular niche, and
are commonly not found in, or in direct contact with, the blood (Figure 2A) [5,65].

The circulatory phenotype of MSCs is hotly debated, but is not yet a broadly accepted feature of
these cells [50–52]. Although growing evidence suggests that native MSCs can at least be
transiently found in blood, for example following severe fractures [65,66], only a small portion of
clinical MSCs survive intravascular infusion and extravasate out of the vasculature [16,67]. The
majority of the infused therapeutic MSCs are lost due to triggering of innate and adaptive
immune cascades, embolization, and micro-ischemia [16]. By contrast, endothelium and
HSCs/EPCs exhibit high hemocompatibility because they express blood regulatory molecules
that keep innate immune cascades in check (Figure 2B). The vascular endothelium, located at
the interface between blood and tissue, is indeed the best-studied model system for under-
standing the molecular mechanisms that form the hemocompatible interface [41,68,69].

In conclusion, the in vivo phenotype of tissue-resident MSCs is still poorly defined regarding
their hemocompatibility. Molecular profiling has revealed that culture-expanded MSCs partly
lack blood regulatory molecules and express higher levels of extravascular procoagulant
factors compared to the prototypic hemocompatible endothelial cells (ECs) (Figures 2B and
3; Table S1).
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Figure 1. Increasing Product Diversification in Clinical Use of Mesenchymal Stromal/Stem Cell (MSCs). (A) Therapeutic MSCs were initially isolated from
bone marrow (BM) [29]. With growing interested in their clinical use and the discovery of MSCs in other vascularized tissues, an increasing contribution from adipose and
perinatal tissue (AT and PT) MSCs became evident, starting in 2009. ND, not disclosed. (B) The number of trials employing MSC products has increased steadily, with
cells being administered both locally and intravascularly (intravenous or intra-arterial infusion) with an approximately equal distribution of the two modes of therapeutic
delivery. Methods: clinical trial data were collected from the clinicaltrials.gov registry on June 15, 2018. Trials were selected for analysis by searching for [‘Mesenchymal
Stem Cell’ OR ‘Mesenchymal Stromal Cell’ OR ‘Multipotent Stromal Cell’ OR ‘Bone Marrow Stromal Cells’]. The search returned 840 results. The clinical trial description
and intervention used in each trial were analyzed to identify the source of the MSCs and the route of administration; 52 trials were found to not use MSCs as an
intervention and were excluded from the analysis, leaving 788 trials for analysis.
Importantly, their intrinsic expression profiles depend on the tissue source or starting material
the MSC products were derived from, making them more or less vulnerable from a hemo-
compatibility perspective [7,13,20,62,70].

Tissue Factor in Clinical MSC Products Is the Major Trigger of IBMIR
The triggering of IBMIR by MSC products and other cellular therapies is correlated with their
expression of TF (Figure 3A and Table S1), a highly potent trigger of the TF pathway of coagulation
[41,44,53]. Importantly, both TF expression and triggering of IBMIR by MSC products depend on
the tissue source the cells were derived from. Compared to BM-MSCs, AT- and PT-derived
products demonstrate higher TF expression and reduced hemocompatibility, with substantial
donor variation and culture passage-dependent TF induction [7,13,18,22–24].

Different approaches to block the TF pathway [e.g., TF blocking antibody, inactivated/activated
coagulation factor VII (FVIIai), and FVII-deficient plasma] demonstrated that a large share of the
procoagulant activity of various clinical MSC products could be attributed to triggering the
extrinsic TF pathway of coagulation [7,13,20,23].

Numerous stimuli, for example proinflammatory cytokines such as interleukin-1 and tumor
necrosis factor a, as well as blood activation products such as thrombin, can promote TF
152 Trends in Molecular Medicine, February 2019, Vol. 25, No. 2
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Figure 2. Progenitor Recruitment and Hemocompatible Biological Interface. (A) Human blood contains
circulating progenitor cells (e.g., HSCs and EPCs) that are released into the blood from their reservoirs, for example
bone marrow (BM) and perinatal tissue (PT). It is not yet clear if MSCs circulate within the blood or if they migrate though the
perivascular compartment. (B) The vascular endothelium is the ‘gold-standard’ of thromboregulation and serves as a
hemocompatible interface between blood and tissue that prevents innate immune cascade activation [69]. Intravascular
ECs exhibiting low prothrombotic and high antithrombotic properties. By contrast, MSCs express higher levels of
prothrombotic tissue factor (TF/CD142) and collagen type-1 (COL-1), two key triggers of the extrinsic tissue factor
and intrinsic contact activation pathways of coagulation, respectively. TF levels greatly vary between MSC sources.
Abbreviations: CD46, membrane cofactor protein; CD55, decay accelerating factor; e/iNOS, endothelial or inducible nitric
oxide synthase; EC, endothelial cell; EPC, endothelial progenitor cell; HSC, hematopoietic stem cell; MSC, mesenchymal
stromal/stem cell; PGI2, prostacyclin or prostaglandin I2; PTGIS, prostaglandin inducible synthase; TFPI, tissue factor
pathway inhibitor; TM, thrombomodulin.
expression through binding to their respective receptors (Figure 3B) [41,71]. This triggers
intracellular signaling cascades leading to TF (coagulation factor III, F3) promoter activation,
mRNA production, and intracellular TF production. Importantly, TF can be found (i) stored in
cytoplasmic intracellular vesicles, (ii) integrated into the cell membrane, or (iii) exported into the
extracellular compartment as soluble TF or incorporated within extracellular vesicles (EVs) [71].

TF is a potent trigger of the extrinsic TF pathway of coagulation, leading to thrombin generation,
platelet activation, and fibrin crosslinking. In addition, stromal cells express varying degrees of
strongly negatively charged stromal extracellular matrix (ECM) components, such as various
collagens, which can trigger the intrinsic contact-activation pathway of coagulation [7]. Trig-
gering of coagulation is mediated via activated intermediates [e.g., activated coagulation factor
VII (FVIIa), FXIIa, FXIa, FVIIIa, FXa, and FVa] and is regulated in a highly complex manner [72].

Another major arm of IBMIR is the complement cascade, which is initiated via triggering of the
classical, alternative, and lectin pathways [70,72–74]. These pathways converge at the com-
plement factor 3 (C3) convertase, converting complement factor C3 into its activation products
C3a and C3b. The larger fragment, C3b, is a key element in forming the C5 convertase,
converting C5 into C5a and C5b, the initiator of the membrane attack complex (MAC) via
Trends in Molecular Medicine, February 2019, Vol. 25, No. 2 153
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Figure 3. Tissue Factor (TF) Expression in Mesenchymal Stromal/Stem Cell (MSC) Products and Triggering
of the Instant Blood-Mediated Inflammatory Reaction (IBMIR). (A) MSC products isolated from bone marrow (BM),
perinatal tissue (PT), or adipose tissue (AT) express varying degrees of tissue factor (TF), a key trigger of the clotting
cascade, which can be modulated by the degree of cell expansion in vitro (overviewed in Table S1). MSC TF expression is
positively correlated with their triggering of the IBMIR, which is inversely correlated with the short-term engraftment of the
cells. The triggering of IBMIR can have diverse effects in vivo, such as modulating innate and adaptive effector cells. (B) TF
signaling can be activated by numerous stimuli through binding of specific receptors, inducing intracellular signaling, TF
(F3) promoter activation, gene transcription, mRNA production, and protein expression [41]. TF can be intracellular (either
cytoplasmic or within multivesicular bodies, MVBs), on cell surfaces (within the cell membrane or as encrypted TF), and
extracellular (released as alternatively spliced soluble TF, or within microparticles and extracellular vesicles, EVs) [71].
Examples of TF stimuli and their corresponding receptors are: IL-1b/IL-1R, interleukin 1b and IL-1 receptor; TNF-a/TNF-
R1, tumor necrosis factor a and TNF receptor 1; thrombin/PAR1, thrombin and protease-activated receptor 1.
incorporation of C6–9. The complement system is also regulated in a complex manner, for
example through the actions of CD35, CD46, CD55, CD59, FI, and FH.

Diverse Clinical MSC Products Trigger IBMIR upon Intravascular Delivery
Early clinical trials with BM-MSC therapeutics demonstrated a good safety profile and no major
infusional toxicity in diverse treatment indications [8]. This is in line with the low to absent
expression of TF on minimal expanded BM-MSCs (Table S1) and the common systemic
154 Trends in Molecular Medicine, February 2019, Vol. 25, No. 2



anticoagulation treatment of patients treated with first-generation MSC products in the
reported trials (Table S2). It is not clear if this generally also applies to diverse new MSC
derived from other tissue sources, or how an unfortunate combination of high doses of strongly
TF-expressing cells would fare in patient populations without anticoagulation (examples are
given in Table S2).

Many of the acutely ill patients in trials that reported safety of MSCs in terms of infusion toxicity
[e.g., acute myocardial infarction (AMI), acute lung injury (ALI), acute respiratory distress
syndrome (ARDS), peripheral artery disease (PAD), and ischemic stroke] were already antico-
agulant-treated to some degree (e.g., anti-platelet drugs, low molecular weight heparin and
dextran sulfate), and the research findings may not be easily generalizable to systemically
activated/proinflammatory patients who do not receive anticoagulation treatment at the time of
cell infusion (Table S2) [8,75–78].

Moll et al. first reported the triggering of IBMIR by BM- and PT-derived clinical MSC products
infused into patients (Tables S1 and S2) [7,20], and other groups rapidly confirmed these
studies, demonstrated a certain degree of incompatibility of culture-expanded MSCs with
blood, which is modulated by multiple parameters including donor tissue type and ex vivo
processing [17,19,22,23]. While minimally expanded BM-MSCs triggered weak IBMIR
responses in vitro and in vivo [7,13,17,20,22], PT-derived DSCs triggered stronger responses
when tested without additives [20]. Nonetheless, low doses of DSCs triggered only weak IBMIR
responses in patients, and this may be attributed to optimized reconstitution and application
(Tables S1 and S2) [39,79].

An increased rate of infusion reactions was reported for high doses of other PT-derived
products [77,78]. The clinical need for increased caution and optimized delivery procedures
with PT-MSCs is also illustrated by a recent report [12] documenting venous thrombosis in the
forearm of patients treated with umbilical cord (UC)-MSCs. Both patients developed painful
forearm swelling at a site distant from the injection site, with Doppler ultrasound imaging
confirming intravenous clot formation and baseline coagulation tests documenting elevated D-
dimer (fibrin degradation fragment) levels. Warfarin and urokinase were used as thrombolytic
therapy for clot reduction. By contrast, other investigators did not observe adverse events upon
UC-MSC infusion (Table S2) [80].

AT-MSCs were shown to exhibit highly procoagulant activity and even lethal effects upon
infusion in preclinical models (Table S1) [18,21,81]. Case reports of peripheral microthrom-
bosis, pulmonary embolisms, and even suspected cases of death in patients receiving AT-MSC
infusions call for caution with intravascular delivery (Table S2) [10,11,82]. By contrast, the
International Federation for Adipose Therapeutics and Science (IFATS) did not report an
increased risk for adverse events/infusion toxicity with AT-derived MSCs in clinical studies
[83]. Interestingly, a recent dose-escalation study documented that intravenous infusions of
AT-MSCs from healthy donors are well tolerated in humans up to 4 � 106 cells/kg body weight,
when a significant increase in clotting parameters and fibrinolytic response became apparent
[25]. Importantly, AT-MSC hemocompatibility may also be influenced by donor comorbidities
such as diabetes [82,84,85].

Several studies addressed the impact of culture expansion, culture media, freeze-thawing,
washing, and the cell suspension buffer for MSC triggering of IBMIR (Table S1) [23,40,86,87].
Analysis of the supplements used for MSC expansion documented variable degrees of clotting
in vitro [23]. A mild increase in adverse events was reported for infusion of large doses of
Trends in Molecular Medicine, February 2019, Vol. 25, No. 2 155



cryopreserved MSCs compared to fresh cells [88]. Freeze-thawed MSCs triggered a stronger
IBMIR when washed with buffer containing human blood type AB plasma instead of human
serum albumin (HSA) [40,86]. The cell suspension medium impacts on the pulmonary toxicity of
MSC products, with low-dose heparin being highly beneficial, avoiding 95% of clinical symp-
toms [87], and low molecular weight dextran sulfate (LMWDS) was effective in controlling IBMIR
in hepatocyte transplantation [89]. We thus advocate regular use of low-dose anticoagulants
such as heparin in the clinical setting, if applicable, and the reporting of anti-coagulant use
within clinical trial protocols (Table S2) [20,89,90]

In conclusion, multiple reports have indicated a favorable outcome for minimally expanded
fresh cells prepared with non-immunogenic supplements, and, if applicable, that either patients
or cell infusion buffers should be treated with anticoagulants, with the tissue source the MSCs
are derived from being a major defining element.

Process and Product Innovations to Optimize Clinical Cell Delivery
Several strategies and delivery methods can be used to monitor, antagonize, or avoid triggering
the IBMIR (Box 1; Figures 4 and 5 ). Improvements in the large array of existing and newly
developed MSC products can be achieved through process optimization and advanced
bioengineering (e.g., better hemocompatibility), which may not only result in better safety
but also improve efficacy [4,48,91,92]. According to ISO 10993-1/4, medical devices that
contact blood in a clinical routine must be subjected to hemocompatibility testing (Box 1; Wallin
R.F. 1998: http://www.mddionline.com/practical-guide-iso-10993-4-hemocompatibility).
Box 1. How to Conduct Hemocompatibility Assessment of Cell Products?

According to ISO 10993-1/4, medical devices that contact blood in a clinical routine must be subjected to hemo-
compatibility testing. Therapeutic MSC products can be tested with the following methods to obtain an adequate safety
estimate.

(i) Hemocompatibility Profiling and Ex Vivo Testing with Extracorporeal Systems

Hemocompatibility marker monitoring (e.g., detection of gene expression or surface markers) (Figure 4A) [26,27] and
hemocompatibility assessment with assays employing human blood from healthy, drug-free, blood type AB donors
(Figure 4B) [7,23], such as the Chandler whole blood loop [7,86], viscoelastic rotational plasma-thromboelastometry
(ROTEM) and thromboelastography, could be added to the current standards for MSC characterization [13,17–
20,23,24,81].

(ii) In Vivo Hemocompatibility Testing in Preclinical Animal Models

In vitro assays are often paralleled by in vivo models [18,19,21,23,24]. Large doses of BM-MSCs were found to trigger
thrombosis [24], but heparin anticoagulation prevented clotting and adverse events, and increased the efficacy of the
cells [19,23,24]. Detrimental effects often become apparent at high cell doses (Tables S2 and S3) [24,78,88]. Commonly
used doses of MSCs in human are 1–10 � 106 cells/kg of body weight, whereas typical doses tested in mice are 4–5-
fold higher than in humans (e.g., 0.1–1.0 � 106 cells/animal, corresponding to 5–50 � 106 cells/kg for a mouse
weighing 20 g).

(iii) Testing of Complement Compatibility In Vitro and In Vivo

The complement compatibility of MSCs can be tested [7,40,62,70,86,97–99], but MSC testing for example in Chandler
blood loops only allows C3a/C5a detection, whereas MSC coculture with lepirudin-anticoagulated blood allows
detection of C3a/C5a and CD11b priming on peripheral blood mononuclear cells (PBMCs) [62], and MSC exposure
to complement-active serum allows detection of C3a/C5a and C3 fragments (e.g., C3b, iC3b, and C3d) with
quantification of cell number and cell viability [7,40,62,70,86,97,98]. The complement susceptibility of MSCs and
interventional strategies were also validated in vivo to confirm prior in vitro findings [70,98,99].
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(Figure legend continued on the bottom of the next page.)

Standardized Hemocompatibility Testing of Clinical Mesenchymal Stromal/Stem Cell (MSC)
Products. (A) Expression profiling of hemocompatibility markers can be on conducted on diverse MSC products (e.
g., primary cells directly after isolation from tissue, culture-expanded cells at different passages, and final product in its
therapeutic formulation). (B) The interaction of MSC products with (human) blood can be studied with in vitro test systems
[e.g., viscoelastic rotational plasma-thromboelastometry (ROTEM) and Chandler blood loop] or animal models [48,53].
These in vitro systems allow testing of a complex assay matrix with multiple test conditions, for example, clinically relevant
doses of MSCs sourced from different tissues (bone marrow, BM; perinatal tissue, PT; adipose tissue, PT, etc.), tested at
low or high passage (LP or HP), for fresh or cryostorage-derived thawed cells (F or T). The given examples of intensities for
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Clinical Cell Reconstitution, Anticoagulants, and Therapeutic Outcome
Targeted optimization and standardization of cell reconstitution, formulation, and delivery
are key aspects in steering MSC product safety and efficacy [92]. A highly confounding
factor in clinical use of MSCs is the lack of information regarding reconstitution buffers used
for cell injection or transfusion, with great variation in procedures between clinical centers.
For in vitro testing, freshly harvested cells are most commonly used, and these are
resuspended in sterile buffers such as phosphate-buffered saline (PBS), which does not
reflect the clinical reality. By contrast, clinically applied cells are commonly derived from
cryostorage, either with or without washing to remove cell debris and residual cryopro-
tectants such as dimethyl sulfoxide [40].

The clinical cell washing/infusion buffer is often supplemented with additives such as protein
sources (e.g., blood type AB plasma or HSA) and anticoagulants (e.g., heparin or EDTA)
(Table S2) to optimize the stability, tolerability, and performance of the cell graft, which should
also be evaluated during in vitro testing [40,86,87]. Several reports have emphasized the
benefits of replacing AB plasma (containing ABO antigen, complement, and clotting factors)
with ABO-neutral HSA and adding low-dose anticoagulants to MSC therapies
[17,19,20,39,79,86]. These additives block complement and coagulation activation, and
minimize the risk of adverse IBMIR-triggering by TF-bearing cell grafts [20,48]. Interestingly,
Stephenne et al. first suggested bivalirudin in conjunction with heparin to suppress the
procoagulant activity of non-hematopoietic MSC-like cells [17].

Analysis of the safety and efficacy of PT-derived DSCs has shown good safety and first
hints of better efficacy compared to conventional treatment [39,79,93]. All patients
responded to DSCs at 1–2 � 106 cells/kg and had a 1 year survival comparable to controls
without graft-versus-host disease (GvHD), particularly when the cells were supplemented
with buffer containing HSA and low-dose heparin [39]. Patients receiving DSCs prepared
with HSA had a 1 year survival of 76%, and 100% responded (21/21 patients) compared to
a 1 year survival of 47% and 59% responding (10/17 patients) to DSCs prepared with AB
plasma, respectively [39]. In steroid-resistant GvHD patients, DSCs suspended with HSA
or AB plasma were superior to BM-MSCs or steroid-resistant controls without cell
treatment (73%, 31%, 20%, and 3% 1 year survival, respectively). Thus, avoiding AB
plasma and tailored supplementation with anticoagulants may be a simple way to improve
the efficacy of MSC therapeutics [86]. To our knowledge, no other MSC product has
achieved this efficacy so far and Phase III studies to confirm these findings are urgently
needed.

Novel Strategies for Cell Modification and Alternative Routes of Delivery
Galipeau and Sensébe recently gave a perspective on the clinical challenges and therapeutic
opportunities in MSC therapy, addressing MSC dosing, fitness, potency assays, mechanism of
action, and successful design of clinical MSC products and trials, giving a new and constructive
impetus for moving the field forward [1]. They highlighted the concept of ‘Plazentallen as the
Rosetta Stone of MSC function’.
triggering of the instant blood-mediated inflammatory reaction (IBMIR) in vitro are estimates based on values reported in
published literature (Table S1), depending, among others, on the assay system, cell type, passage number, and cell
preparation. This procedure may be informative for establishing safety margins for systemic cell application (e.g.,
recommended or mandatory anticoagulation) or to facilitate decisions on alternative approaches, such as testing of
suitable interventions in preclinical animal models (e.g., therapeutic cells with or without heparin, or depletion of tissue
factor (TF)-positive cells within the cell graft).
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non-intravascular celldelivery can be applied. These entail alternative routes (e.g., intratrahecal and intraperitoneal); local site delivery
via intramuscular injection, implantation, or biomaterial assisted-delivery of MSCs (e.g., cells contained in fibrin glue or seeded on
decellularized extracellular matrix patches); and via extracorporeal dialysis for detoxification, where cells are seeded into hollow-fiber
dialysis cartridges, the cell-containing bioreactor module, which is used to supplement conventional dialysis systems [94,95]. (B)
Different levels of tissue factor (TF/CD142) expression in diverse types of MSC products, for example sourced from bone marrow,
adipose tissue, or perinatal tissues, and (C) their consequent predominantly TF-mediated triggering of the instant blood-mediated
inflammatory reaction (IBMIR) warrant special awareness in clinical cell preparation for intravascular delivery to yield optimal
performance in vivo. Triggering of IBMIR leads to activation of the complement and coagulation systems leading to fibrin deposition,
cell sequestration,embolization,anddamagein themicrovasculature. (D)Variousproduct innovationscanbeappliedto improvethe
safety and efficacy of MSC products. Methods can either aim to suppress or abolish TF activity/presence. The first category entails
blocking substances (e.g., anti-TF mAb and iFVIIa), soluble anticoagulants (e.g., heparin), Ca2+ chelators (e.g., EDTA), and cell
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RNA(asRNA)againstTFtranscriptsandCRISPR/Cas9genomeediting,whichhavenotyetbeenexploredat large inexperimentalor
clinical approaches. Abbreviations: CRISPR/Cas9, clustered regularly interspaced short palindromic repeats genome-editing
system; EDTA, ethylenediaminetetraacetic acid; iFVIIa, inactivated activated coagulation factor VII; mAb, monoclonal antibody.

Clinician’s Corner
MSC products have greatly diversified
over recent years, and reports of safety
concerns, severe adverse events, and
even fatal human cases caused by
thrombotic complications with new
intravascular MSC products highlight
the urgent clinical need for new stand-
ards for hemocompatibility testing.

Although conventional BM-MSCs dis-
play favorable hemocompatibility,
novel MSC products derived from
other tissue sources (e.g., adipose
and perinatal tissue) express higher
levels of procoagulant TF/CD142 and
induce stronger triggering of IBMIR,
which may compromise their safety
profile upon intravascular delivery.

The ISCT minimal criteria for MSCs
currently do not assess or guarantee
hemocompatibility because they were
initially not designed for intravascular
cell application. We propose here
standardization of hemocompatibility
testing for MSC products intended
for intravascular use.

To raise awareness within the clinical,
scientific, regulatory, and patient com-
munities, this review provides an over-
view of this emerging safety issue, with
expert recommendations for stan-
dardized hemocompatibility assess-
ment, and the introduction of
innovations in cell manufacturing and
application procedures.

This perspective is in line with joint
efforts by the FDA, Health Canada,
ISCT, and other major representatives
of academia, industry, bioethics, and
patient advocacy groups for a wider
action plan to better protect patients
(https://www.celltherapysociety.org/
news/news.asp?id=400602).
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Outstanding Questions
Are tissue-resident native MSCs com-
patible with circulation in the blood,
and for how long? How does this
change with ex vivo expansion? For
autologous and iPSC products, how
do patient attributes and comorbidities
contribute to the hemocompatibility of
cell products?

What signaling pathways underlie the
induction of TF expression in different
cell types in vivo and in cell products ex
vivo, and can it be reduced or abol-
ished by culture in advanced bioreac-
tors, pharmacological treatment, or
genetic manipulation?

Which MSC products, dosing regi-
mens, and delivery strategies offer
the best combination of safety and
efficacy for specific target indications?
What are the ‘minimal safety criteria’
for MSC products intended for sys-
temic intravascular delivery?

Should hemocompatibility assess-
ment be added as release criteria for
intravascular MSC therapeutics to
complement the existing MSC minimal
criteria, and, if so, should it be
assessed before or directly after
retrieval from cryopreservation?

Is the triggering of IBMIR by therapeu-
tic cells necessary to realize MSC ther-
apeutic benefit – and if MSCs and
other cell products are modified to
improve hemocompatibility, how might
this alter other aspects of cell function?
During pregnancy, several grams of fetal trophoblast-derived stromal material embolizes in
the lung microvasculature each day, locally reprogramming maternal lung macrophages by
efferocytosis to promote systemic fetomaternal tolerance, thus making PT-derived MSCs a
natural choice to recapitulate this phenomenon [1]. It is not clear if MSC TF expression and
triggering of IBMIR are a necessary or undesired component from a functional point of view,
but it is clear from a safety perspective that optimal control of IBMIR is in the best interest of
the patient.

Testing TF expression and in vitro hemocompatibility before infusion could help to address this
clinical need (Figure 5). Exclusion of TF-positive cells by cell-sorting strategies does not
compromise the immunomodulatory activity of the cells in vitro [23]. Methods to downregulate
or eliminate TF expression by MSC products (e.g., by using CRISPR/Cas9 or antisense RNA),
as well as sophisticated cell-surface coatings to promote anticoagulant and complement-
inhibitory properties, are valuable alternatives to systemic anticoagulation [48]. Alternative
modes of delivery (e.g., intramuscular injection or extracorporeal) are also accessible
[94,95]. Biomaterial-assisted delivery may overcome problems associated with inadequate
hemocompatibility and provide an appropriate supportive environment to improve their trophic
activity in vivo [96].

Concluding Remarks and Future Perspectives
MSC products have greatly diversified during the past decade, complicating comparability
between products, with potentially serious consequences. Clinical case reports of severe
adverse events, such as infusion reactions and thromboembolism, after infusion of novel
intravascular MSC products call for new safety standards. Although united under a single
name based on minimal criteria, there are significant functional differences between MSC
products derived from different tissue sources. We have discussed here the molecular basis of
why distinct products show different propensities to trigger adverse innate immune responses,
and we propose new methods to assess hemocompatibility before clinical use. Furthermore,
we have discussed how optimized delivery or bioengineering of the cells themselves can be
used to avoid or attenuate IBMIR. Hemocompatibility testing and optimal product delivery are
crucial for designing safer and more effective intravascular MSC therapies, paralleling other
experimental intravascular therapies with cells that are not native to blood � such as islets,
hepatocytes, and some products derived from induced pluripotent stem cells (iPSCs). Over the
past decades, MSC therapies have come a long way, and we must not lose sight of the fact that
MSC minimal criteria are indeed minimal, and the equivalence of new products cannot be
assumed, and thus comprehensive safety evaluation is essential before use in humans. Recent
clinical trial successes have demonstrated that by choosing a potent cellular therapeutic and
optimizing its delivery the clinical outcomes for patients can be greatly improved.
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