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Abstract

The diverse immunomodulatory properties of mesenchymal stem/stromal cells (MSCs) may be
exploited for treatment of a multitude of inflammatory conditions. MSCs have long been reported
to be hypoimmunogenic or ‘immune privileged’; this property is thought to enable MSC
transplantation across major histocompatibility barriers and the creation of off-the-shelf therapies
consisting of MSCs grown in culture. However, recent studies describing generation of antibodies
against and immune rejection of allogeneic donor MSCs suggest that MSCs may not actually be
immune privileged. Nevertheless, whether rejection of donor MSCs influences the efficacy of
allogeneic MSC therapies is not known, and no definitive clinical advantage of autologous MSCs
over allogeneic MSCs has been demonstrated to date. Although MSCs may exert therapeutic
function through a brief “hit and run’ mechanism, protecting MSCs from immune detection and
prolonging their persistence in vivo may improve clinical outcomes and prevent patient
sensitization toward donor antigens.

MSCs were originally identified by Friedenstein in mouse bone marrow and were
characterized according to their multilineage potential'3. Caplan later referred to these cells
as mesenchymal stem cells#, yet to date rigorous in vivo demonstration of their stem cell
properties has not been established. As a result of their original identification in the bone
marrow, many referred to them as “bone marrow stromal cells.” However, MSCs have since
been shown to be derived from both pericytes and adventitial progenitor cells from nearly all
tissues®8. Thus it may be appropriate to refer to MSCs as “multipotent perivascular-derived
cells.” Regardless, the issue of MSC nomenclature remains contentious. As of December 17,
2013, there were 18,284 references in PubMed to “mesenchymal stem cell” or
“mesenchymal stem cells,” 14,586 to “mesenchymal stromal cell” or “mesenchymal stromal
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cells,” 4,254 to “bone marrow stromal cell” or “bone marrow stromal cells,” and 183 to
“multipotent stromal cell” or “multipotent stromal cells.”

Irrespective of the nomenclature, it is still unclear if the MSC phenotype exists in vivo.
Although lineage-restricted, self-renewing skeletal progenitors (bone, cartilage, stromal
progenitor)’ and osteolineage-restricted Mx1* stromal cell populations® were recently
identified in mice, their relationship to MSCs is not clear. Indeed, assays to identify and
characterize MSCs are mostly based upon in vitro work. Although pericytes and MSCs
share properties, and it is possible that when pericytes become activated and leave vessels
they differentiate into MSCs, this has not been conclusively demonstrated. In 2006 the
International Society for Cellular Therapy established minimal criteria for designating a cell
an MSC?; these include tri-lineage differentiation potential (osteogenic, adipogenic and
chondrogenic), cell-surface expression of CD90, CD105 and CD73, and lack of cell surface
CD45, CD34, CD14, CD79 and HLA-DR. However, culture-expanded MSCs consist of a
heterogeneous population of cells exhibiting a spectrum of phenotypes and functional
properties, and the extent of these properties is dependent on the tissue, donor and species of
origin, isolation technique, culturing protocols and media used, and passage number. That
said, heterogeneity is not unique to MSCs, as clones of hematopoietic stem cells, for
example, can exhibit considerable functional heterogeneity after transplantation10:11,

In addition, the clinical value of MSCs thus far seems primarily derived from their non-
stem/progenitor cell properties. Namely, MSCs produce extracellular vesicles, including
exosomes, and a multitude of cytokines and growth factors that suppress immune responses
by inhibiting B- and T-cell proliferation and monocyte maturation and by promoting
generation of regulatory T cells and M2 macrophages'2-15. Therefore, although some argue
that MSCs should be defined based on in vivo differentiation potential or ability to support
hematopoiesisi®-17, others advocate for a broader definition that places less emphasis on the
‘stem’ properties of the cell and more on the trophic and immunomodulatory properties that
render them potentially useful in treating numerous diseases'8-22, As the trophic and
immunomodulatory properties of MSCs are largely responsible for the rapid rise in the
therapeutic exploration of major histocompatibility (MHC)-unmatched allogeneic MSCs, a
broader definition of MSCs that includes these properties is more applicable to this
Perspective. It is also important to consider that MSCs can easily be manipulated in culture
to obtain phenotypes that more effectively treat one disease over another; these modified
cells may still be considered MSCs in the broad sense without necessarily meeting all of the
minimal criteria defined by the 2006 definition. Given the general lack of rigorous MSC
phenotype assessment in the published literature, adopting a narrower definition of MSCs
would preclude us from writing this Perspective. Therefore, here we consider MSC to be
cells that are generally defined by the 2006 minimal criteria.

Positive data from preclinical models and elucidation of the immunomodulatory properties
of MSCs have prompted a sharp rise in the number of clinical trials that use MSCs to treat
diseases including myocardial infarction, stroke, graft versus host disease (GvHD), lupus,
arthritis, Crohn’s disease, acute lung injury, chronic obstructive pulmonary disease (COPD),
cirrhosis, multiple sclerosis, amyotrophic lateral sclerosis (ALS) and diabetes?3. Notably,
most patients receive allogeneic MSCs?3; in this scenario there is no MHC matching before

Nat Biotechnol. Author manuscript; available in PMC 2015 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Ankrum et al.

Page 3

treatment. The assumption that allogeneic MSC preparations represent a one-size-fits-all,
off-the-shelf, cell-based therapy originated in the assumption that MSCs are immune
privileged. However, recent data indicate that allogeneic MSCs can provoke an immune
response resulting in rejection. In this Perspective we attempt to understand the origin of the
immune-privileged hypothesis by revisiting the early discoveries of the immunomodulatory
potential of MSCs. We review the results of MSC clinical trials and consider ways in which
MSC immune privilege or lack thereof may affect the efficacy of MSC therapy. Lastly, we
suggest ways in which insights about MSC immunogenicity may be used to design
improved MSC-based therapies.

The rise of allogeneic MSC therapy

From 1998 to 2000, researchers at Osiris Therapeutics presented a series of abstracts at the
American Society of Hematology meetings suggesting that interactions between MSCs and
hematopoietic cells did more than support hematopoiesis242%; they proposed that MSCs act
as immune regulators?6-28_ Specifically, human MSCs (hMSCs) suppressed proliferation of
activated T cells?8.2% and mixed lymphocyte reactions in a genetically unrestricted,
allogeneic manner2”:30, As even third-party, MHC-mismatched hMSCs were capable of
suppressing an ongoing mixed lymphocyte reaction, Klyushnenkova et al. proposed the
concept of generating a large supply of culture-expanded allogeneic (allo)-MSCs from a
single, universal donor that could then be used to treat all patients2’:30,

In 2002, Bartholomew et al. showed that the addition of baboon MSCs to cultures of
stimulated allogeneic peripheral blood leukocytes resulted in suppression of leukocyte
proliferation in an MSC dose—dependent manner3L. This suppression occurred regardless of
the MSC donor origin (autogeneic (auto)-, allo- and third-party MSCs). In addition, allo-
MSC:s inhibited T-cell proliferation induced by the potent mitogens, PHA, Con A and
SpA32:33 Interestingly, MSC T-cell suppression was transient, as T cells respond to allo-
antigen upon removal from MSC co-cultures3*. Moreover, suppression was partially
reversed by the addition of interleukin (IL)-2, suggesting MSCs did not induce T-cell
anergy3L. To test the immunosuppressive potential of MSCs in vivo, skin grafts from MHC-
mismatched baboons were performed immediately before intravenous injection of donor-
matched or third-party MSCs. Administration of donor or third-party MSCs extended the
survival of the skin graft from 7 days (control without MSCs) to 11.3 and 11.8 days,
respectively3L. In parallel, Liechty et al. reported the finding that human MSCs could persist
as long as 13 months after intraperitoneal injection into pre-immune (immune system has
not yet developed) and immune-competent fetal sheep; in contrast, xenogenic or allogeneic
hematopoietic stem cells (HSCs) are rejected in this model3®. Others subsequently reported
that donor-derived MSCs promote tolerance to other transplanted tissues, including
pancreatic islets36 and heart allografts3’; however, specific tolerance toward unmatched
MSCs or repeat doses of MSCs has not been convincingly demonstrated. Together, these
and other findings indicate that MSC immunomodulatory potential is MHC-unrestricted.

MSC-mediated immune suppression has been shown to depend on a myriad of factors
including cell dose, proximity to immune cells, activation of Toll-like receptors and
stimulation by inflammatory cytokines38:3%, Over a decade ago, MSCs were postulated to
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act either through cell contact—-dependent signaling or through secretion of cytokines and
growth factors, leading to a series of mechanistic studies32-33, As culture-expanded hMSCs
typically express low levels of MHC class I, and no MHC class Il or co-stimulatory
molecules (e.g., B7-1, B7-2, or CD40), cell contact may not be the primary mechanism of
MSC immunomodulatory action?%:3240 This was verified by studies concluding that MSC-
mediated immune suppression was not dependent on cell contact, but was augmented by
close proximity to the target cell. Specifically, whereas hMSC maximally suppressed T cells
in mixed co-cultures (which enable direct cell-cell contact), suppression was also observed
in transwell assays33. Tse et al. examined the effect of soluble factors in a series of inhibitor
studies. Inhibition of either prostaglandin E2 (PGE2) or indoleamine-2,3-dioxygenase (IDO)
resulted in only a partial reduction of h(MSC-mediated suppression2®. These and other
studies suggest that MSC suppressive potential cannot be pinned to a single factor or
mechanism, but rather to a cocktail of soluble factors, many of which are induced in
inflammatory environments19:39,

The occurrence of inflammation-responsive MSC-mediated suppression is supported by data
showing enhanced T-cell suppression when MSCs are preconditioned by incubation with
interferon (IFN)-y for 48 h (ref. 40) and by data showing a limited suppressive effect in
transwell33:34 and conditioned media3* experiments in which MSC exposure to IFN-y is
minimized or avoided. Furthermore, MSCs can be polarized to pro- or anti-inflammatory
phenotypes by preconditioning with cytokines, including IFN-y and TNF-a1441 and by
signaling through Toll-like receptors12:38:4243 Reviews by Ren et al.*4, Ranganath et al .3
and Prockop!® provide a thorough discussion of the MSC secretome and its
immunosuppressive potential.

MSC clinical trials

Once the immunomodulatory potential of MSCs was established in vitro and in early
preclinical models, MSCs were rapidly brought into the clinic. In 2004, Le Blanc et al. were
among the first to clinically administer allo-MSCs*°. Third-party haplo-identical MSCs
were harvested from the mother of a 9-year-old boy suffering from treatment-resistant, grade
IV GvHD. The boy received MSCs 73 and 170 days after bone marrow transplantation, with
rapid recovery after each MSC infusion and survival beyond 1 year. In contrast, the 24
patients at the same treatment facility with acute grade IV GvHD who did not receive MSC
therapy died an average of 2 months after bone marrow transplantation. This landmark case
study provided an early glimpse of MSCs’ therapeutic potential. Just 8 months after the
publication of Le Blanc et al.’s Lancet article, Osiris Therapeutics began recruiting patients
for the first large-scale clinical trials of allo-MSCs for the treatment of acute GvHD and
acute myocardial infarction.

Since then, MSC use in clinical trials soared. Today, numerous MSC cell preparations from
academic and corporate institutions are being investigated in nearly 350 clinical trials (>80%
of which are phase 1 or 2, Fig. 1a; 131 have reached their scheduled completion, and 37
have been reported to be placebo controlled). Clinical trials examining the safety and
efficacy of MSCs have used both allogeneic (190) and auto-logous (150) cells (Fig. 1b).
MSCs are typically manipulated by means of culture expansion, as they exist in limited
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quantities in situ; thus they require clinical trials to gain US Food and Drug Administration
approval and have only recently begun to reach the market.

Clinical trials exploring MSC therapy have been driven predominately by companies with
proprietary allogeneic MSC (allo-MSC) preparations such as Osiris’ (now Mesoblast’s)
Prochymal, Mesoblast’s Revascor, Athersys’ MultiStem, Stemedica’s Stemdyne-MSC,
Allocure’s AC607, Cellerix’s Cx601, Stempeutic’s Stempeucel and Orthofix’s Trinity
Evolution. Many of these preparations derive their product from a small number of donors,
and subject cells to extensive culture expansion to generate therapeutic doses to treat entire
cohorts of patients. Smaller academic-investigator—driven trials have also been conducted in
medical centers and academic institutions, often under hospital exemption in Europe,
although these studies typically use MSCs from much earlier passages*6. Importantly, allo-
MSC therapy has consistently been shown to be safe, enabling future trials to be conducted
with improved trial design and using refined MSC-based approaches?347.

Several recent industry-sponsored phase 2 clinical trials and academic-investigator—driven
trials generated preliminary results that have been considered positive by some. It should be
noted that industry-sponsored clinical trial data, specifically negative data, are often
voluntarily unreported, and much of the data reported here have been gathered from non-
peer-reviewed investor reports released from the sponsoring corporations: URL links to
these references are included parenthetically. For example, Tigenix’s Cx611 culture-
expanded adipose-derived allo-MSCs reduced joint swelling by 20% or more in 1/5 of
patients at a 6-month follow-up, whereas placebo-treated patients showed no improvement
(http://www.tigenix.com/public/uploads/pdf/en/f517459e904cc86.32694073_TiGenix
%20Cx611%20Phase%2011a%?20results%20Final.pdf). Additionally, Mesoblast reported
improved heart muscle function and a 78% reduction in major adverse cardiac events
compared to placebo in congestive heart failure patients at an 18-month follow-up in a
placebo-controlled phase 2 trial (http://www.prnewswire.com/news-releases-test/positive-
results-from-phase-2-trial-of-mesoblasts-adult-stem-cell-therapy-presented-at-the-american-
heart-association-annual-meeting-133835958.html). In late 2011 Athersys reported 13.5%
and 10.9% increases in ejection fraction in acute myocardial infarction patients receiving 50
and 100 million MSCs, respectively, by means of intracoronary adventitial injections
compared to historical controls (phase 1 trial)*8. Osiris reported reduced stress-induced
arrhythmias and hypertrophy in acute myocardial infarction patients receiving Prochymal
compared to placebo in an ongoing phase 2 trial, although data on the primary endpoints
have yet to be reported (http://investor.osiris.com/releasedetail.cfm?releaseid=688302).

In 2011, FBC-Pharmicell’s autologous MSC preparation, Hearticellgram-AMI, gained
approval in South Korea, becoming the first culture-expanded MSC therapy to receive
regulatory approval®®. To date, one allogeneic culture-expanded MSC product has received
regulatory approval: Osiris’ (now Mesoblasts’) Prochymal was approved in Canada in May
of 2012 and shortly after in New Zealand for the treatment of steroid-refractory GvHD in
children®0. Although the original trial failed to demonstrate a significant advantage of
Prochymal over placebo, retrospective subset analysis, which has been highly criticized in
the field, revealed improvement in children and ultimately led to its approval in Canada
(conditional upon post-market confirmatory studies to validate the efficacy of the product).
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Fortunately, results from a recent follow-up study are encouraging, showing a significant
increase in 100-day survival (78% versus 30%) in patients that respond to Prochymal in the
first 28 days of treatment (complete resolution of symptoms, n = 46) compared to patients
who do not respond (no improvement in symptoms, n = 29)°L. Prochymal is now available
for adults and children in eight other countries including the United States for steroid
refractory grade 1l and IV GvHD under an Expanded Access Program. Academic-
investigator—driven studies without placebo controls have also shown a benefit with
unmatched-allogeneic and haplo-identical MSCs in the prevention and treatment of acute
GVHD®253, A retrospective analysis of children treated with multiple infusions of MSCs
revealed a significant increase in survival at 3 years (65% versus 0%) in children that had a
complete response to the therapy (complete resolution of symptoms, n = 24) compared to
those that had a partial or no response to therapy (minimal changes in symptoms following
therapy, n = 13)%4. Prophylactic treatment with MSCs at the time of bone marrow
transplantation resulted in 0% incidence of grade 111 or IV GvHD (compared to 26% as
shown in historical data; study approved by local Institutional Review Board)?3. In another
phase 2 study, 30/55 patients with severe GvHD showed a complete response to MSC
therapy (resolution of all symptoms) and had significantly improved 1-year survival, 52%
versus 16%, compared to patients that showed little or no improvement after MSC
therapy®2.

Whereas case studies*>55 and clinical studies of small groups of patients*6:52 have
suggested MSCs have significant clinical utility, demonstration of a beneficial effect from
MSCs in a large placebo-controlled trial has remained elusive. Several placebo-controlled
studies have yielded disappointing results, showing marginal or no benefit over placebo;
these include Prochymal trials targeting steroid-resistant GvHD, first-line GvHD, COPD and
type 1 diabetes (GvHD: http://investor.osiris.com/releasedetail.cfm?Releasel D=407404;
COPD: http://investor.osiris.com/releasedetail.cfm?ReleaselD=391580; diabetes: http://
investor.osiris.com/releasedetail.cfm?Release|D=636520). Of note, MSC products in
general have not been optimized to maximize therapeutic potential and it is believed that
certain allo-MSC products may be overpassaged leading to reduced potency. Furthermore,
cell therapy trials often suffer from a large placebo effect, making it difficult to show
efficacy.

Allo-MSCs are not immune privileged

A potential limitation of MSC therapy is that MSCs do not persist following infusion. Using
bioluminescence imaging, intravital micros copy, donor DNA analysis and donor RNA
analysis, the persistence of human MSCs (in mice with severe combined
immunodeficiency), mouse MSCs (mMSCs; in syngeneic mice) and rat MSCs (in allo-
geneic rats) was limited, with the majority of cells dying within 48 h after systemic
infusion®6-58, The trend of early MSC death after infusion was recently confirmed through
analysis of tissues at autopsy of patients who received allo-MSC infusions within a year
before their death®®. Tissues from 18 patients who received MHC-mismatched or haplo-
identical MSCs were analyzed; no ectopic tissue was observed, and only one patient showed
high (>1/1,000 cells) levels of donor DNA in multiple tissues. However, this patient was not
representative of the average patient, as he was severely immunocompromised, septic and
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received the MSC infusion just 7 days before his death®®. Although allo- and auto-MSCs
alike may not persist following systemic infusion simply owing to stresses encountered
during transplantation (nutrient and/or growth factor deprivation due to transport limitations
of nutrients and oxygen®?, shear stress, lack of attachment), it is likely that a more active
immunological process is also responsible for the limited persistence of allo-MSCs. In fact,
several preclinical and clinical observations have led multiple groups to question the
immune-privileged status of MSCs, and subsequently the notion of using a universal donor
for MSC therapy. Although the majority of in vitro studies have highlighted the
immunosuppressive properties of MSCs, several studies have provided evidence that
mismatched MSCs are immunogenic. For example, whereas culture-expanded MSCs
express low levels of MHC class | and are negative for MHC class 11, MSCs exposed to
IFN-vy or differentiated into mature cell types can express significantly more MHC class |
and MHC class Il (ref. 40).

In one of the earliest reports of rejection of allo-MSC, Eliopoulos et al. examined the
persistence of mMSCs transfected with erythropoietin (EPO-MSCs) in syngeneic and
allogeneic unmatched hosts®1. Specifically, C57BI/6 EPO-MSCs were seeded in a collagen
scaffold and injected subcutaneously into syngeneic or allogeneic (BALB/c) hosts. As a
surrogate for MSC survival, the rise in hematocrit in response to EPO production was
measured for over 140 days. Mice receiving syngeneic EPO-MSCs had a sustained increase
in hematocrit, whereas those receiving allogeneic EPO-MSCs had a spike in hematocrit
followed by a return to baseline. Analysis of collagen scaffolds removed 15 days after
implantation revealed significant infiltration by CD8* T cells and natural killer (NK) cells
only in the allogeneic EPO-MSC grafts. In addition, administration of a second dose of
allogeneic EPO-MSCs resulted in a second but diminished spike in hematocrit, suggesting
the initial challenge may have sensitized the animals to allo-antigen®?. In a separate study,
injection of allogeneic EPO-MSCs into immune-competent hosts resulted in sensitization to
the EPO antigen and an anti-EPO immune response®2. Thus care must be taken with
allogeneic products not to break tolerance to self-antigens, especially in the context of
therapies engineered to overexpress proteins®2,

Therefore, whereas allo-MSCs are not as immunogenic as unmatched fibroblasts or HSCs,
which elicit rapid rejection in immunocompetent hosts, it is not appropriate to consider
MSCs to be immune privileged because they do elicit a humoral and cellular immune
response in vivo. Further supporting this conclusion, Zangi et al. injected luciferase-
expressing mMSCs or fibroblasts into syngeneic and allogeneic hosts and compared their
persistence83. The majority of syngeneic mMSCs and fibroblasts were detectable for the
duration of the experiment (40 days), but in the allogeneic setting, fibroblasts died by day 10
and mMSCs by day 20. In addition, mice previously injected with allo-MSCs showed
accelerated rejection of fibroblasts from the same donor (by day 2 compared to day 14 in
naive mice). In accordance with this observation, allo-MSC—treated mice harbored more
CD4*, CD122*, CD44* and CD62L!°W T cells, suggesting the formation of T-cell
memory®3. Others have since reported that infusion of allo-MSCs can induce immune
memory. For example, mice inoculated with unmatched allo-MSCs exhibit rapid rejection of
donor-derived splenocytes within 24 h of the second transplant®4, and mice receiving
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intraperitoneal injections of allo-MSCs produced elevated titers of allo-reactive antibodies
and rejected subsequent allogeneic skin grafts5%. Despite subtle interspecies differences in
the expression of surface markers and immunosuppressive factors, similar evidence of
immune detection and lack of long-term engraftment of allo-MSCs has been observed in a
variety of species® including rat®7:68, baboon%, rhesus macaquea’® and pig?L.

Allo-MSC also seem to stimulate innate immune responses. For example, human MSCs
promote macrophage and neutrophil infiltration to the injection site in rats and mice’2:73,
And late, but not early, passage MSCs elicit an instant blood-mediated inflammatory
reaction in a donor- and dose-dependent manner’#. Furthermore, hMSCs engage
complement on their surface’®, although the effect of complement on MSC function is
currently debated and complement-mediated lysis of MSCs is likely to be allo-antibody
dependent’6:77.

In sum, although MSCs cannot be considered truly immune privileged, rejection of allo-
MSCs occurs more slowly than rejection of other allogeneic cell types. The timing and
severity of MSC rejection appears to be strongly dependent on context and dictated by a
balance between MSC expression of immunogenic and immunosuppressive factors (Fig. 2).
For example, failure to activate their immunosuppressive program leaves MSCs functioning
much like antigen-presenting cells and able to promote inflammation in vivo’8-80, In
contrast, in in vitro assays (such as mixed lymphocyte reactions or T-cell suppression
assays), where the concentration of MSCs is high enough to strongly influence the
microenvironment within the cell culture well, the immunosuppressive properties of MSCs
dominate. Illustrating the importance of context, unmatched allo- and xenogeneic-MSCs can
preferentially persist within in vivo environments that are immune suppressed such as
tumors, yet fail to persist in other tissues within the same animal®8:81, This suggests that
local immune suppression is required to mask MSC immunogenicity8®. Detailed in vivo
studies on MSC immunogenicity are needed using human MSCs or non-human primate
MSCs that more closely mirror human biology, as murine and human MSCs exhibit
differences in both host factors as well as MSC expression of immunomodulatory
factors!2:82, For example, hMSC-mediated immune modulation is often achieved in part
through IDO, whereas mMSCs secrete virtually no IDO but high quantities of inducible
nitric oxide synthase®2.

Strategies to prolong MSC persistence

Importantly, it has yet to be shown clinically that improved MSC persistence or immune
tolerance to MSCs leads to enhanced efficacy of MSC-based treatments. Many believe that
the observed therapeutic effect of MSCs is due to a so-called hit-and-run mechanism
mediated by the production of exosomes or secretion of trophic and immunomodulatory
factors during the initial days following MSC injection1559, Others believe that the main
therapeutic benefit of MSCs may be achieved through reprogramming of the immune
system through apoptotic bodies®3. Nevertheless, conventional wisdom suggests that the
beneficial effects of MSC therapy could be boosted by extending their persistence after
injection3.
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Strategies to boost MSC persistence in vivo may be gained from the field of transplantation
biology, where overcoming MHC-barriers is very difficult. For example, recent progress
indicates that solid organ transplantation can be helped by induction of mixed hematopoietic
chimerism through donor HSC transplantation8. In addition, allogeneic cell products like
Viacyte’s PEC-01 use immune isolation membrane-based devices (Encaptra) and tissue-
engineered products like Organogenesis’ Apligraf and Shire’s SRMO003 (formerly
VASCUGEL) to temporarily prevent rejection by encasing differentiated allogeneic cells in
collagen or gelatin gels. One recent study showed that subcutaneously injected mMSCs that
were encapsulated in alginate persisted longer, and this approach significantly improved the
survival of mice in a model of GvHD compared to systemically infused MSCs and locally
injected MSCs without the alginate8®.

Strategies to prolong MSC persistence by overcoming rejection of allo-MSCs can be divided
into two primary categories: modification of the host and modification of MSCs. Several
groups have experimented with combining MSCs and anti-rejection drugs classically used in
organ transplantation. Interestingly, the strongest clinical evidence of an MSC therapeutic
effect, as described above, was observed in patients with steroid-resistant acute GvHD, who
received MSC therapy in the context of a standard regimen of immunosuppressant drugs.
Although this observation is currently correlative, work is under way to investigate
synergistic effects of immunosuppressant drugs and MSCs. Adding cyclosporine A to co-
cultures of MSCs in an in vitro mixed lymphocyte reaction assay resulted in significantly
enhanced suppression of cell lysis over cyclosporine A or MSCs alone86. However,
dexamethasone, mycophenolate acid, rapamycin, cyclosporine A and tacrolimus
individually synergized or antagonized MSC-mediated suppression of mixed lymphocyte
reaction, depending on the dose of the drug and the responder/MSC ratio®’. Unfortunately,
the mechanism by which immunosuppressive drugs augmented or interfered with the
immunosuppressive properties of MSCs was not evaluated, and detailed mechanistic studies
are needed. In one of the few studies of immunosuppressive drug interactions with MSCs in
vivo, Ge et al. investigated the effect of low-dose rapamycin and MSCs in a cardiac allograft
mouse model88. Combining a 14-day course of low-dose rapamycin with unmatched allo-
MSC therapy resulted in long-term persistence of GFP-labeled allo-MSCs and tolerance
(100 days) of a heart graft of MSC donor origin88. The mice did not accept third-party
allografts, however, indicating that any tolerance caused by the MSC treatment was specific
to the donor antigens. They also contained more tolerogenic dendritic and T cells, but no
allogeneic antibodies88. More research is needed to characterize the impact of
immunosuppressive drugs on MSC phenotype and in vivo persistence. For example, short-
course immunosuppression, which has shown promise in preventing GvHD®? and
prolonging liver allograft survival®®-91, may be sufficient to extend persistence of MSCs and
augment their therapeutic effect. In addition, antibody-mediated depletion of immune cells
such as NK or cytotoxic lymphocytes may prolong MSC persistence; however, such
strategies could also increase the risk of infection in vulnerable patient populations®2.

MSCs can also be directly modified to reduce their immunogenicity (Fig. 3). For example,
de la Garza-Rodea et al. looked to viruses for inspiration to enable MSCs to evade immune
detection. To permanently suppress MHC class | surface expression, they transfected
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hMSCs with viral immunoevasins from bovine herpes virus type 1, Epstein-Barr virus and
human cytomegalovirus (HCMV)93, Of these, only the US11 protein from HCMV strongly
suppressed hMSC expression of MHC class I. Moreover, US11-MSCs locally injected into
the ear of immunocompetent mice persisted for a period similar to that of hMSC injected
into immunodeficient mice. However MSC immune evasion was achieved only after NK
cell depletion, as the lack of MHC class | expression made hMSCs susceptible to ‘missing
self * NK cell-mediated lysis®3. Soland et al. also infected hMSCs with immunoevasins from
HCMV?4 (US2, US3, US6 or US11). Expression of either US6 or US11 resulted in
significant suppression of MHC class | surface expression, and facilitated hMSC evasion of
recognition by cytotoxic lymphocytes. Interestingly, in contrast to de la Garza-Rodea’s
report93, expression of US11 also resulted in protection from lysis in co-cultures with
NK-92MI cells. However, the mechanism of hMSC evasion from NK cells was not fully
elucidated. These engineered hMSCs, after injection into the liver of pre-immune fetal
sheep, were less susceptible to NK cell-mediated lysis and had a 1.8-fold increase in
engraftment (in terms of percent of donor cells found in the liver 66 days after injection)
compared to unmodified hMSCs%4. Whether these virus-inspired strategies will prevent
immune memory in a fully immune-competent host or enhance the therapeutic effect of
MSCs in disease models remains to be determined.

In addition to forced expression of viral immunoevasins (Fig. 3a,e), MSCs, as well as other
therapeutic allogeneic cell types, could be engineered to overexpress molecules that
suppress complement activation (CD46, CD55, CD59) or NK cell activation (HLA-E, HLA-
G), and to secrete immunosuppressive factors (Fig. 3a,d,f). We have recently shown that
MSCs can be transiently engineered to simultaneously overexpress IL-10 and homing
receptors by using an mRNA transfection technique®®. Cells can also be decorated with
immune evasive moieties through chemical cell surface modification approaches%6-98 (Fig.
3b,d). Alternatively, MSCs can be preconditioned or loaded®°:100 with small-molecule drugs
or biologics that increase the expression of surface receptors or the production of
immunosuppressive factors (e.g., PGE2, IDO, HLA-G, IL-10) (Fig. 3c,f).

New vision for allogeneic MSC therapy

Although a comprehensive understanding of MSC allo-rejection is still under development
and questions remain, it is clear that MSCs are not immune privileged, at least not to the
extent that has been claimed in the literature; rather, MSCs could be considered ‘immune
evasive’. Nevertheless, their use in clinical trials has continued to escalate (Fig. 1), and the
community appears reluctant to abandon the immune-privileged paradigm as evidenced by
the higher numbers of citations made to articles that support the ‘Universal Donor’
hypothesis, compared to articles that highlight MSC immunogenicity (Fig. 1c).
Immunogenicity needs to be recognized as a characteristic of MSCs and its impact on MSC
therapy needs to be examined. It is critical to consider that although infused MSCs may not
express MHC class 11, this will likely always be activated and/or expressed in vivo at sites of
inflammation.

Allo-MSC therapy faces significant challenges, but auto-MSC therapy is not without
drawbacks. Generating a therapeutic dose of auto-MSCs generally requires several weeks
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after cell harvest for ex vivo expansion191, Furthermore, significant variations have been
observed in the secretome and immunomodulatory potency of MSCs from different
donors4192, Thus, auto-MSC therapy may not be suitable for the treatment of acute
conditions, and variability between patient-derived MSCs is likely to lead to highly variable
outcomes. Furthermore, auto-MSC therapy’s source of MSCs is limited, whereas allo-MSC
therapy can harvest MSCs from healthy donors and select lots based on potency assays93.

Although both auto-MSCs and allo-MSCs are being used in clinical trials, direct
comparisons between the two cell sources are scarce. In the recent POSEIDON trial, the
safety and efficacy of auto- and allo-MSCs were compared after administration into the
remodeled cardiac scar of patients with chronic cardiac ischemial®. Unfortunately, at 30
days, clinical improvement was limited in both groups. Auto-MSCs were associated with
marginal improvements in a 6-min walk test and as recorded in the Minnesota Living with
Heart Failure Questionnaire, whereas allo-MSCs were associated with fewer, but not
statistically significant, arrhythmias. Administration of either auto- or allo-MSCs resulted in
a small improvement in ejection fraction (~2%). Without a strong positive effect, a placebo
group or analysis of donor cell persistence, it is difficult to use this trial to effectively
compare the efficacy of allo- versus auto-MSCs. Although both cell sources were shown to
be safe, comparisons of auto- and allo-MSCs are warranted in future studies.

Interestingly, although no major adverse events have been linked to administration of allo-
MSCs, an anti-donor response has been observed. Both the POSEIDON trial and a recent
phase 2 mesoblast trial reported generation of anti-donor antibodies in 13% of patients
treated with allo-MSCs. However, the therapy still appears safe as Osiris and others
frequently administer repeat doses without complications#’. Moreover, it remains to be seen
if allo-antibody production influences the efficacy of MSC therapy. For example, a phase 2
trial investigating the ability of MSCs to treat GvHD found no difference in efficacy
between third-party and haplo-identical or human leukocyte antigen (HLA)-identical
MSCs®2. However, the degree of immune suppression in these patients may have masked
differences between the third-party and HLA-identical MSCs. Measurements of anti-donor
antibodies in clinical trials, which to date have been rare, should become routine as it will
enable the field to understand the relationship between degree of the HLA mismatch, MSC
rejection and treatment efficacy in specific conditions.

A better understanding of the particular MSC mechanisms that contribute to the therapeutic
effect in each disease condition may also help clarify whether allo-MSCs or auto-MSCs are
more appropriate. For example, if allo-MSCs are found to exhibit a more potent hit-and-run
mechanism of action, they may be most appropriate where persistence is not required for a
therapeutic effect.

Ultimately, the hypothesis that extended MSC persistence will translate to a sustained
therapeutic effect and improved clinical outcomes has yet to be tested clinically.
Nevertheless, the approach to allo-MSC therapy needs revision. Patients must be prevented
from becoming immunized, which could blunt or inhibit the activity of future MSC
therapies. In addition to the immune evasion strategies discussed above, banking MSCs,
derived from patient tissues or induced pluripotent stem cells19°, from a diverse donor
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population may help avoid patient sensitization. Due to the ease of MSC expansion,
development of an MSC banking system, much like that for blood, is not difficult to
imagine. MSCs from a representative subset of the population could be harvested, typed and
expanded for clinical use. With time, healthy donors would populate the cell bank with a
sufficient variety of HLA antigens. This should improve MSC persistence and, potentially,
therapeutic outcomes; it should also enable serial injection of MSCs without rejection or co-
administration of immunosuppressive drugs.

In addition, as MSC persistence correlates with the relative expression of immunogenic and
immunosuppressive factors (Fig. 2), development of next-generation MSC therapies should
focus on boosting expression of these factors. Specifically, MSC potency assays must be
established based on MSC expression of immunogenic and immunosuppressive factors at
baseline and after stimulation with molecules that mimic the physiological conditions to
which the MSCs will be exposed in the patient (e.g., TNF-a, IFN-y and IL-18 might
simulate MSC exposure to inflammatory signals); these assays should be standardized to
ensure that patients receive functional and comparable doses103:106_ The 2006 International
Society for Cellular Therapy minimal criteria that is often used in research cannot predict
immunomodulatory function or immunogenicity of a batch of MSCs, and considerable
variability in immunomodulatory potency between donors, tissue sources and culture
conditions has been well documented14.102.107.108 \MSC potency assays must also be
validated to ensure they are predictive of patient outcomes. For example, in a recent study
the degree of MSC suppression of in vitro mixed lymphocyte cultures did not correlate with
clinical response in GVHD patients#6. In addition to MSC potency assays, biomarkers that
predict whether or not a patient is likely to respond to MSC therapy should also be
explored2. There is also potential to develop in vivo potency assays where, for example,
cell surface sensors could be harnessed to image the MSC secretome using intravital
microscopy in animal models99. Once potency assays have been developed and validated,
perhaps the definition of MSCs will once again be updated to include criteria that describe
the MSC functional phenotype.

To realize the potential of MSC therapy in the next decade, we must be willing to let go of
the old one-size-fits all strategy, accept that MSCs are immune evasive and not immune
privileged, and consider approaches to avoid generation of allo-reactive antibodies. That
said, allo-MSCs appear to be cleared only marginally faster than auto-MSCs. This implies
that combination approaches to avoid allo-rejection and to mitigate transplantation shock
would be most useful to extend MSC persistence. To maximize patient benefit and minimize
patient risk, next-generation MSC therapies should be built on a foundation of thorough
characterization and fine-tuning of MSC immunogenicity, survival, potency and disease-
specific mechanisms of action.
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Figure 1.
The rise of MSC therapy. (a) The number of clinical trials in each phase using allogeneic or

autologous MSCs. Trials in the registry that did not report a ‘phase’ are listed as “not
reported.” (b) The cumulative total number of clinical trials that use allogeneic or
autologous MSCs, plotted according to the year they were initiated. (c) Cumulative citations
from early publications that support the ‘Universal Donor’ hypothesis (purple) and from
work that highlights MSC immunogenicity (green), plotted from 2000-2012. Shades
represent contributions of individual papers (references denoted on right). Contributions of
papers are stacked upon one another with the most influential papers, as measured by
citations, on the bottom and the least influential papers on the top. (d) Timeline of
milestones that have marked the progress of MSC therapy. Data in a and b were collected
from clinicaltrials.gov registry on December 15, 2013. Searches for “Mesenchymal Stem
Cells,” “Mesenchymal Stromal Cells,” “Multipotent stromal cells,” “bone marrow stromal
cells,” “Stem cells for Spinal Fusion,” “Prochymal” and “connective tissue progenitor”
returned 347 unique MSC trials. Nine trials did not indicate the source (auto vs. allo) of the
MSCs, and two reported using both allogeneic and autologous MSCs. Citation data for ¢
was collected from Web of Knowledge (searched December 15, 2013).
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Figure2.
Immune suppression enables immune evasion. (a) MSC immunosuppressive potential and

immunogenicity are influenced by levels of systemic or local inflammatory cytokines
(secreted by T cells and other cell types). High immunosuppressive potential permits MSCs
to suppress inflammation and delay or evade allo-rejection through suppression of T-cell
activation and inhibition of antigen-presenting cell (APC) maturation. However, MSCs that
do not tip the balance toward immunosuppression are prone to immune detection and
destruction through multiple modes of rejection, as debris from dead MSCs are processed by
APCs in the context of danger signals. (b) The rate of immune detection and elimination of
allogeneic MSCs is dictated by the balance between a given cell’s relative expression of
immunogenic and immunosuppressive factors. IFN-v, interferon gamma; TNF-a, tumor
necrosis factor alpha; MHC, major histocompatibility complex; TCR, T-cell receptor; IDO,
indoleamine 2;3 dioxygenase; TGF-f, transforming growth factor beta; TSG-6; TNF-
stimulated gene 6 protein; SHLA-G5, soluble human leukocyte antigen-g5; PGEZ2,
prostaglandin E2.
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Figure 3.
Strategies to facilitate MSC immune evasion. (a—c) A variety of engineering strategies can

be applied to induce MSC expression of immunosuppressive and immunoevasive factors
including forced expression through viral and nonviral modification (a), direct cell surface
modification (b), and treatment with small molecules and/or biological agents directly or
through controlled release biomaterials approaches (c). (c) The timing of MSC expression
can potentially be extended by use of agent-doped, cell-internalized degradable
microparticles®® or nanoparticles, or by use of agent-doped scaffolds that cells are seeded
before in vivo implantation. (d) Decoy or inhibitory receptors can be directly engineered
onto the cell surface through several techniques including chemical modification via
covalent conjugation chemistry®7:110, engineered vesicles®, or through insertion of antibody
fusion proteins into the cell membrane via palmitated protein G (PPG) (b). (e,f) Increased
persistence can also be achieved through reducing immunogenicity by the use of
immunoevasins (€) or sustained release of immunosuppressive factors (f).
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