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focus on cell therapies
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1Department of Medicine at the University of Freiburg, Freiburg, Germany, 2Department of Clinical
Sciences, Karolinska Institute, Stockholm, Sweden, 3ASC Therapeutics, Milpitas, CA, United States
Graft versus host disease (GVHD) can occur at any period post allogeneic

hematopoietic stem cell transplantation as a common clinical complication

contributing to significant morbidity and mortality. Acute GVHD develops in

approximately 30-50% of patients receiving transplants from matched related

donors. High doses of steroids are used as first-line treatment, but are

unsuccessful in around 40% of patients, resulting in the diagnosis of steroid-

refractory acute GVHD. Consensus has yet to develop for the management of

steroid-refractory acute GVHD, and prognosis at six months has been estimated

at around 50%. Thus, it is critical to find effective treatments that increase survival

of steroid-refractory acute GVHD. This article describes the currently known

characteristics, pathophysiology, and treatments for GVHD, with a special focus

on recent advances in cell therapies. In particular, a novel cell therapy using

decidua stromal cells (DSCs) was recently shown to have promising results for

acute GVHD, with improved effectiveness over previous treatments including

mesenchymal stromal cells. At the Karolinska Institute, severe acute GVHD

patients treated with placenta-derived DSCs supplemented with either 5%

albumin or 10% AB plasma displayed a one-year survival rate of 76% and 47%

respectively. Furthermore, patients with steroid-refractory acute GVHD,

displayed survival rates of 73% with albumin and 31% with AB plasma-

supplemented DSCs, compared to the 20% survival rate in the mesenchymal

stromal cell control group. Adverse events and deaths were found to be

attributed only to complications of hematopoietic stem cell transplant and

GVHD, not to the study intervention. ASC Therapeutics, Inc, in collaboration

with the Karolinska Institute, will soon initiate a phase 2 multicenter, open-label

study to further assess the efficacy and safety of intravenous DSC treatment in

sixty patients with Grade II-IV steroid-refractory acute GVHD. This novel cell

therapy represents a promising treatment to combat the poor prognosis that

steroid-refractory acute GVHD patients currently face.
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1 Introduction

Allogeneic hematopoietic cell transplantation (allo-HCT), using

blood progenitor cells from a donor source, is a vital component in

treating hematologic malignancies and other life-threatening

cancers or nonmal ignant disorders (1) . Numbers of

transplantations continue to grow worldwide, with almost 20,000

allo-HCT transplants reported by the European Society for Blood

and Marrow Transplantation (EBMT) in 2019 (2) and over 9,000

transplants in the United States in the same period according to the

Center for International Blood and Marrow Transplant Research

(CIBMTR) (3–5). The cost burden for these patients, especially if

they develop complications, can be quite high. Recently outpatient

allografting has become possible, lowering the cost, particularly due

to a reduction in overnight hospital stays. However, complications

and their subsequent treatments are still common and lead to

significantly higher financial burdens.

Graft-versus-host disease (GVHD) is the most common life-

threatening complication after allo-HCT (6, 7). Among adult

matched related donor transplant recipients (US, 2017-2018), 13%

of deaths at or after 100 days of transplantation were attributed to

GVHD (3).The two main clinical presentations of GVHD are acute

(aGVHD) and chronic (cGVHD). Consensus criteria define aGVHD

and cGVHD based on clinical characteristics and time of onset

relative to the transplantation. According to experts from the

EBMT, CIBMTR, and National Institutes of Health (NIH), the

most comprehensive and detailed criteria available for the diagnosis

and scoring of GVHD are the Mount Sinai Acute GVHD

International Consortium (MAGIC) criteria for aGVHD (8) and

the NIH 2014 criteria for cGVHD (9, 10).
2 Graft versus host disease
characteristics and manifestations

Acute GVHD develops in 30-50% of patients after allo-HCT

from a matched related donor (6, 11–14). Classically, the onset of

aGVHD appears within 100 days of transplant, although late-onset

aGVHD can occur after 100 days. The disorder typically presents as

an acute inflammatory syndrome primarily affecting the skin,

gastrointestinal tract, and liver. Affected patients have a

maculopapular rash that starts around the neck and shoulders

and often involves the palms, soles, and ears (6). Gastrointestinal

(GI) manifestations include abdominal cramping and pain,

diarrhea, hematochezia, and ileus (lower GI), as well as anorexia,

nausea, and vomiting (upper GI). Severity is determined by the

volume of diarrhea, which is secretory and may persist despite

cessation of oral intake. In addition, there is increasing evidence

that organs with less apparent, acute damage (or where drug

toxicity may be a differential diagnosis) may be targets of

aGVHD, including the central nervous system, lungs (15), ovaries

and testis, thymus, bone marrow, and kidney (16). aGVHD is

clinically graded and staged in severity from Grades I to IV,

depending on the involvement and extent of the skin, liver, upper
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gastrointestinal tract, and gut. The overall clinical grade is based on

the organ with the most severe damage (8).

cGVHD is the leading cause of late morbidity in recipients of

allo-HCT and is associated with a higher risk of non-relapse

mortality (17, 18). The disorder is diagnosed in 30% to 70% of

patients after allo-HCT and most often develops between 100 days

and one-year post-transplantation, but 5% to 10% of affected

patients do not develop signs and symptoms until later.

Approximately 30% of cGVHD is de novo without any preceding

aGVHD (19–22). Symptoms and manifestations of cGVHD are

heterogeneous and pleomorphic; it can affect any organ and is

characterized by a gradual onset involving tissue inflammation and

fibrosis that often results in permanent organ dysfunction (22–24).
2.1 Pathophysiology

GVHD occurs when donor T cells recognize the host tissues as

foreign due to histocompatibility differences between the donor and

host. Even with matching major histocompatibility complex

antigens, many patients develop GVHD because of minor

histocompatibility antigen differences lying outside of the human

leukocyte antigen (HLA) loci (14, 25, 26). Donor T cells from the

allografts are critical for successful transplantation as they are

essential for hematopoietic engraftment, reconstitution of T cells

immunity, and development of potent beneficial antitumor effect

(graft-versus-tumor effect), which precludes complete abrogation of

donor immune responses (27–29).

The pathophysiology of aGVHD includes an initial stage of

tissue damage from the conditioning regimen leading to activation

of host antigen-presenting cells (APC) by danger-associated

molecular patterns (DAMPs), such as ATP (30) and pathogen-

associated molecular patterns (31). In addition, loss of microbial

diversity and metabolites thereof leads to loss of epithelial and

immune homeostasis. In the second stage, donor T cells are

activated in response to alloantigen expressed on host or donor

APCs. T cells proliferate and differentiate into T helper (Th) 1 and

Th17 cells, which are involved in the activation of cluster of

differentiation (CD) 4 cytotoxic T lymphocyte (CTL), CD8 CTL,

and natural killer (NK) cells that mediate tissue damage. In the third

stage, effector T cells, together with proinflammatory cytokines,

attack the epithelial cells of the skin, liver, lung, and gastrointestinal

tract (6, 32–34).

As with aGVHD, damage to host tissue and inflammatory

cytokine release occurs due to pretransplant conditioning in the

first phase of cGVHD. The second stage in the pathogenesis of

cGVHD is suggested to include thymic injury and T and B cell

dysregulation, followed by a third stage of aberrant tissue repair,

often with fibrosis (23, 24, 35, 36). While aGVHD demonstrates an

exacerbated inflammatory mechanism that is mainly caused by the

presence of proinflammatory cytokines and activated donor T cells,

cGVHD displays autoimmune features involving alloreactive and

dysregulated T and B cell interactions with macrophages, dendritic

cells (DCs), and neutrophils, ultimately initiating profibrotic

pathways (35, 37). Recently, two drugs have been approved by the

US Food and Drug Administration (FDA) for the treatment of
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cGVHD, namely, ibrutinib and belumosudil (38), and one drug,

ruxolitinib, was approved by both the FDA (https://www.fda.gov/

drugs/resources-information-approved-drugs/fda-approves-

ruxolitinib-acute-graft-versus-host-disease) and by the European

Commission (https://www.ema.europa.eu/en/medicines/human/

EPAR/jakavi) for the treatment of Steroid refractory (SR) aGVHD.
2.2 Current treatment options

The standard backbone of GVHD prevention in patients

undergoing allo-HCT includes the combination of a calcineurin

inhibitor (cyclosporine or tacrolimus), which reduces the expansion

of effector T cells by blocking interleukin (IL)-2, with a short course

of methotrexate, which interferes with alloreactive T cell division

(39–41). In December 2021, the FDA approved the selective T cell

co-stimulation modulator, Abatacept, for the prophylaxis of

aGVHD, combined with a calcineurin inhibitor and methotrexate

in adult and pediatric patients (42).

In cases of aGVHD occurrence, the recommended first-line

treatment is systemic high-dose steroid therapy. Of note, it is

important to control GVHD as profound immunosuppression

can lead to relapse of the original disease and increase the risk for

opportunistic infections (11). Currently, first-line treatment,

according to the EBMT guidelines, consists of corticosteroids at

1-2 mg/kg per day for aGVHD Grade 2-4 (43–46). However, less

than 50% of patients achieve durable responses (39, 44). In addition,

approximately 40% of patients do not respond to corticosteroid

therapy and are diagnosed with steroid-refractory (SR)-aGVHD

(47). SR-aGVHD can be defined as disease progression following 3

to 5 days of treatment or no response following 5 to 7 days of

treatment; however, the exact definition can vary by treatment

center. The reported 6 month survival estimate for patients with SR-

aGVHD is approximately 50%, with 30% or less surviving beyond

two years (14, 44, 48, 49).

There is no consensus regarding the optimal approach for the

management of SR-aGVHD; as such, there is no accepted standard

of care treatment (47, 50, 51). The American Society for Blood and

Marrow Transplantation (ASBMT), the joint working group

established by the British Committee for Standards in

Haematology, and the British Society for Bone Marrow

Transplantation outlined the options for SR-aGVHD therapy,

which include extracorporeal photopheresis (ECP), anti-tumor

necrosis factor (TNF)-a antibodies, anti–IL-2 receptor antibodies,

mechanistic target of rapamycin (mTOR) kinase inhibitors,

mycophenolate mofet i l , methotrexate , a lemtuzumab,

antithymocyte globulin, and etanercept (44, 47, 51, 52).

Unfortunately, most treatment options for GVHD can be quite

costly with newly developed cell therapies being no exception. In

general, most companies do not report the cost of stem cell

therapies but have estimated in 2021 to range between $1,200-

$28,000 per treatment (53). Costs associated with SR-aGVHD are

particularly high, primarily because of the long hospitalization time,

but even the common treatments vary dramatically depending

upon which treatment is chosen, whether multiple doses are

necessary, and the location that the treatment is given.
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As mentioned previously, GVHD prophylaxis commonly

involves a calcineurin inhibitor combined with methotrexate.

Meta-analysis of methotrexate for SR-aGVHD discovered an

overall response rate of approximately 70% with a 59.2%

complete response (54). Methotrexate is a relatively cheap option

as far as treatments for GVHD; the six month cost in 2018 was

reported to be around $200 (55). Another common, but much more

costly treatment, ECP, has been approved by the FDA since 1988,

originally for the treatment of Sezary syndrome, a leukemic

cutaneous T-cell lymphoma (56). The use of ECP for GVHD has

been studied since the 1990s. This procedure involves the

separation of mononuclear cells from plasma, exposure of the

cells to UVA irradiation and 8-methoxypsoralen, and reinfusion.

The mechanism of action involves lymphocyte apoptosis and

differentiation of dendritic cells, leading to the increase of anti-

inflammatory cytokines, decrease of pro-inflammatory cytokines,

and promotion of regulatory T-cell generation (56). ECP treatment

costs range from around $500 to over $100,000, with the median

price being reported in 2021 as approximately $9,000 (57).

Alemtuzumab and human chorionic gonadotropin are cost-

effective treatment options particularly in low and middle income

countries. In fact, the Campath Distribution Program provides it

free for patients if found to be the necessary treatment (58).

Alemtuzumab is a monoclonal antibody treatment that reduces

the number of immunocompetent T-cells and is shown to reduce

the incidence of GVHD and mortality post-transplant. This anti-

CD52 monoclonal antibody treatment has shown response rates

above 60% in several clinical trials for aGVHD (59–62). Human

chorionic gonadotropin as an adjunct therapy for SR-aGVHD,

which may be effective due to its tissue regeneration abilities by

enhancing the circulating levels of epidermal growth factor. This

treatment also has shown a partial or complete response rate above

60% in clinical trials, although the optimal dose is still under

investigation (63, 64). Because this drug is commercially available

and inexpensive, averaging $296 per vial in 2019 (65), it is a

promising option for middle and low income patients.

As aGVHD patients typically present with increased TNF-a
levels, another effective anti-inflammatory treatment is the use of

anti-TNF-a antibodies. However, the lack of efficacy in a portion of

patients and the potential for life-threatening infections have

reduced its use in treating SR-aGVHD (66). Infliximab and

etanercept both target TNF-a. However, etanercept seems to be

effective in skin and gut GVHD, but not hepatic GVHD (67).

Annual treatment for TNF blockers varies, with the 2013 annual

costs per patient ranging from $14,000-$25,000. Etanercept had the

lowest cost, followed by adalimumab and infliximab (58). Although

mycophenolate mofetil is effective and well-tolerated, it also causes

high-risk of infection (68). Toxicity was also a concern for this

treatment, and a previous trial identified it to be effective for chronic

GVHD but suboptimal for aGVHD. This treatment works by

inhibiting T and B lymphocyte proliferation and costs in 2016

reported to be approximately $1,000 per month (69). mTOR

signaling is enhanced in GVHD, making mTOR a promising

target for GVHD treatment (70). The first clinical trials for

mTOR inhibitors as second-line therapy resulted in significant

side effects and toxicity, requiring better optimization of dosing
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and further safety and efficacy trials (70). However, in 2020

sirolimus, an mTOR inhibiting drug, was compared to low-dose

prednisolone treatment, revealing that sirolimus had superior

complete and partial response rates (71). 2016 costs for mTOR

inhibitors ranged from $1000-$2000 per month (69), with the 2018

six month cost being estimated at $6,000 (55).

The use of anti-IL-2 receptor antibodies have varied in

effectiveness between the four currently commercially available

drugs (72). The IL-2 receptor is targeted because of its expression

on T-lymphocytes. The varying efficacy may be due to the different

half-lives that range from approximately 70 minutes to 25 days or

other factors in their production. According to a meta-analysis, the

response rate was highest for basiliximab (72). Basiliximab was

estimated to cost around $3,000 per dose in 2016 (69). Although IL-

2R antibodies, antithymocyte globulin, infliximab, and etanercept

have yet to show increased survival compared to single agent

steroids, they are useful in steroid-refractory patients (54).

Antithymocyte globulin targets antigen-expressing cells such as

T-cells, B-cells, macrophages, NK cells, and dendritic cells, which

is used in the prevention of severe aGVHD (73). This treatment was

estimated to cost around $3,000 per dose as of 2016 (69). This 2016

article reports that alemtuzumab is the least costly induction agent

followed by basiliximab (anti-IL-2 receptor antibody) and

antithymocyte globulin. Treatment costs may have substantially

changed since these average US reports in 2013 and 2016; however,

the relative differences between treatments are likely similar.

In addition, ruxolitinib, a selective Janus kinase 1/2 inhibitor,

was approved by the FDA and the European Commission for the

treatment of SR-aGVHD in adult and pediatric patients (≥12 years

old). Based on results from the REACH-1 study, the median

duration of response from ruxolitinib treatment was 0.5 months.

The median time from the day‐28 response to either death or the

need for a new therapy for aGVHD was 5.7 months (74–76). In a

randomized, Phase 3 trial for SR-aGVHD testing nine treatments,

ruxolitinib demonstrated a higher overall response compared to

other treatments. However, ruxolitinib was unable to produce

significant changes in survival or non-relapse mortality (77).

Thus, there is still an unmet need in terms of greater efficacy and

increased long-term survival for SR-aGVHD patients. The cost of

this treatment for six months in 2018 was approximately

$83,000 (55).

Treatment of cGVHD typically requires the prolonged (median

2 to 3.5 years) use of immunosuppressive agents. First-line

treatment includes high-dose corticosteroids, typically 0.5 to 1

mg/kg per day. An approximate 50% response rate is seen with

steroids; second-line therapy is required in more than half of

patients within two years (78). The heterogeneous manifestations

of cGVHD make clear guidelines for second-line treatments

necessary (24, 43, 79)..

Ibrutinib, a tyrosine kinase inhibitor targeting Bruton’s tyrosine

kinase, was the first FDA-approved treatment for cGVHD

(approved in August 2017), demonstrating an overall response

rate (ORR) of 67% in patients with SR-cGVHD (80, 81).The cost

of six months of treatment in 2018 was approximately $80,000 (55).

In July 2021, the FDA approved belumosudil, a kinase inhibitor, for

adult and pediatric patients twelve years and older with cGVHD
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after the failure of at least two prior lines of systemic therapy. The

best response rate for belumosudil at 200 mg twice daily was 77%,

and symptom reduction was reported in 62% of patients (82).

Belumosudil taken once daily was reported in a 2022 article to cost

around $232,000 per year (83). In September 2021, approval of

ruxolitinib was expanded to include treatment for cGVHD in adult

and pediatric patients ages twelve and older after failure of ≤2 lines

of systemic therapy with almost 50% ORR and median failure-free

survival of >18 months demonstrated in the REACH3 Phase 3 study

(16, 84). The 2020 NIH cGVHD Consensus Development Project

was established in order to address gaps and needs in cGVHD

research in the coming years (20, 85, 86).

Recent research has placed significant importance on the

microbiota in various diseases, including for GVHD. At least six

studies and five case reports of fecal transplantation have been

published as of 2022 (87). Overall, this seems to be a safe and

effective treatment strategy for GVHD. Pooling of these studies

found complete remission in around 56% of patients with limited

treatment-related mortality or adverse effects. Studies have focused

on GI-related aGVHD, many being steroid-refractory. When fecal

microbiota transplants were investigated for intestinal GVHD in

2020, a complete response and restoration of microbial diversity in

the gut resulted within a month in ten of the fifteen patients (88). As

this treatment is still in clinical trials for GVHD, the cost is not

yet determined.
3 Cell therapy for GVHD

Several cell types can be utilized to suppress alloreactive

immune cells. Mesenchymal stromal cells (MSCs) and, to a lesser

degree, regulatory T cells (Treg) have been efficacious in human

immune reactions (86). Tregs are CD4+ T cells that express the

transcription factor, forkhead box P3 (FoxP3), resulting in anti-

inflammatory pathway initiation. Early-phase clinical trials using

Treg therapy have supported its feasibility and tolerability, but more

research is necessary to demonstrate the efficacy and reproducibility

of this approach in late-stage randomized clinical studies. Current

obstacles in Treg cell therapy for GVHD include the high dose

requirement of effective polyclonal Tregs for preventing or treating

GVHD and the challenges surrounding ex vivo Treg expansion (89,

90), as well as production cost. This review will focus on stromal cell

therapies for GVHD.
3.1 Mesenchymal stromal cells

The non-hematopoietic human MSC has the unique ability to

differentiate into various mesodermal (osteocytes, adipocytes, and

chondrocytes), ectodermal (neurocytes), and endodermal

(hepatocytes) lineages (91). MSCs can be obtained from various

adult or neonatal tissues such as peripheral blood, bone marrow

(BM), and adipose tissue or umbilical cord, amniotic membrane,

and placenta. Placenta derived tissues pose a significant advantage

over adult tissues as invasive procedures and certain ethical

considerations are not necessary (92–95).
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MSCs have emerged as the most studied cell type for clinical

and experimental cell therapy for various indications, including

GVHD (96–98). The cells contain high plasticity, self-renewal,

immunomodulatory, and anti-inflammatory properties. In

addition, MSCs minimally produce host immune responses since

they do not express HLA class-II and costimulatory molecules.

Allogeneic MSCs could be used as an effective treatment for acute

inflammatory disorders since their effects utilize hit-and-run

mechanisms. In contrast to pharmacological immunosuppressive

drugs, MSCs have very little, if any, side effects or toxicity, and long-

term adverse effects are not expected (99, 100).

Multiple factors and mechanisms are involved in MSC-mediated

immune modulation and regenerative function. They include

paracrine activity, which involves the secretion of proteins/peptides

and hormones, as well as mitochondrial transport via tunneling

nanotubes or microvesicles and transport of exosomes or

microvesicles (101). Exosomes and microvesicles are vehicles for

the transport of DNA, RNA, and other molecules. MSCs promote an

immunosuppressive environment by releasing immunomodulatory

factors and cytokines, such as indoleamine 2,3-dioxygenase (IDO),

prostaglandin E2 (PGE2), IL-10, transforming growth factor-b, nitric
oxide, HLA-G5, and TNF-a-induced gene/protein 6, which assist in

directing the phenotype, function, and homing of immune cells.

MSCs may suppress T cell proliferation, proinflammatory cytokine

release, cytotoxicity, and Th1/Th2 balance and also affect B cell

viability and antibody secretion (102–106). All possible

mechanisms of the immunosuppressive activity of MSCs in GVHD

have been previously reviewed in detail (107–109).

The first case report of MSCs used for the treatment of GVHD

was reported from the Karolinska Institute in Sweden (110),

followed by promising results published by the European Group

for Blood and Marrow Transplantation Developmental Committee

in 2008. Patients with a complete response to MSC treatment had

lower transplantation-related mortality one year after infusion (11

[37%] of 30) than patients with partial or no response (18 [72%] of

25; p = 0.002) in 55 patients with severe SR-GVHD (111).

Subsequently, numerous clinical studies have been carried out

worldwide to investigate the safety and efficacy of MSCs in

immunomodulatory cell therapies during HCT to prevent and

treat GVHD, repair damaged tissue, and facilitate hematopoietic

stem cell engraftment (96, 97, 99, 105, 108, 112, 113). The source of

MSCs in these studies was mainly BM and umbilical cord blood

(UCB). Various doses (between 10^5 and 10^7 cells/kg) were

administered in a single dose or multiple doses in heterogeneous

cohorts of pediatric and adult patients. MSC treatment was well-

tolerated and safe for patients; however, there is no definitive

evidence of efficacy, and responses were unpredictable. Published

systematic reviews and meta-analyses could not conclude that

administration of MSCs from BM or UCB is effective in the

prevention or treatment of aGVHD, and no significant effect was

observed on relapse rate or overall survival in patients after allo-

HCT (99, 112, 114–116). The lack of patients’ stratification criteria,

specific biomarkers, and heterogeneity of MSC preparations may

have contributed to the lack of conclusive evidence in clinical

studies with MSCs. Data collected by the EBMT centers highlight
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the variability in MSC manufacturing as clinical products and the

need for coordination (117).

There are currently no FDA-approved MSC therapies on the

market in the US. However, several MSC products have been

granted regulatory approval in other countries (Korea, Canada,

Japan, New Zealand) for the treatment of various conditions,

including aGVHD (118, 119).

Remestemcel-L (Ryoncil™ , Mesoblast, Ltd; formerly

Prochymal®, Osiris Therapeutics Inc.), a human BM-derived

MSC product, was well tolerated in clinical studies with no

identified infusion-related toxicities or other safety concerns

(120–125). It was approved for use in Canada and New Zealand

in 2012 for treating SR-aGVHD in pediatric patients based on the

safety profile of the product and promising evidence of efficacy in

the subgroup of pediatric patients (126).

Remestemcel-L was not approved for use by the FDA as it failed

to show superiority over the placebo in a randomized, Phase 3

clinical study in patients with SR-aGVHD (121). The study did not

meet the primary endpoint of greater durable complete response

(DCR, defined as completely resolved aGVHD symptoms for at

least 28 days after beginning treatment) in the remestemcel-L group

compared with placebo (35% versus 30%; p = 0.42). Post hoc

analyses found that patients with liver involvement who were

given one or more infusion(s) of remestemcel-L had a higher

DCR and higher overall complete or partial response rate than

those given a placebo (29% versus 5%; p= 0.047). Among high-risk

patients (aGVHD grades III-IV), remestemcel-L demonstrated a

significantly higher overall 28-day response compared to placebo

(58% versus 37%; p= 0.03). Furthermore, pediatric patients had a

higher overall response with MSCs compared to placebo (64%

versus 23%; p = 0.05).

Temcell® (JCR Pharmaceuticals Co. Ltd), a manufactured MSC

product equivalent to remestemcel-L, was approved in Japan to

treat patients of all ages with acute GVHD. Within the first three

years after approval, Temcell was evaluated in 381 patients. The

ORR was 61% for the 151 evaluable patients who received it as

second-line therapy following first-line steroid therapy for

aGVHD (127).

As summarized in Table 1, there are currently eleven clinical

studies using MSCs for the treatment or prevention of GVHD

registered at ClinicalTrials.gov (with status of recruiting, not yet

recruiting, or active not recruiting), with the majority being early-

stage studies. One Phase 3 study of MC0518 (Medac GmBH,

Germany) is currently recruiting adult and adolescent subjects

with SR-aGVHD in 34 centers across Europe. MC0518 (other

names: MSC-FFM, Obnitix) is an allogeneic MSC treatment

product for SR-aGVHD, created by pooling the BM mononuclear

cells of eight unrelated, healthy donors (128, 129). The

manufacturing protocol of MC0518 is characterized by high

potency and near-identical individual doses. Compared to other

MSC products in clinical trials, MC0518 is relatively young,

harvested at passage 3. Trials reveal good clinical tolerability of

MC0518 treatment in 69 patients (51 children and 18 adults) with

refractory aGVHD Grade II-IV, showing 83% ORR at day 28 and a

71% survival probability rate at six months (130).
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3.1.1 Biomarkers of MSCs in GVHD
Biomarkers are required as an assessment tools to predict

clinical response and monitor the efficacy of therapy. GVHD

patients’ serum has been used to identify biomarkers related to

tissue damage during the pathogenesis of GVHD (131–133) Acute

GVHD biomarkers include plasma levels of IL-2 receptor subunit

a (IL-2Ra), TNF receptor 1 (TNFR1), IL-8, hepatocyte growth

factor (134, 135), and amphiregulin (136). Organ-specific
Frontiers in Immunology 06
biomarkers include cytokeratin fragment 18 (CK18) for

intes t ina l and hepat ic GVHD (137) , suppress ion of

tumorigenicity 2 (ST2) and regenerating islet-derived 3a
(Reg3a) for gastrointestinal GVHD (138–140), and elafin for

skin GVHD (141). The gastrointestinal biomarkers ST2 and

Reg3a are also included in the MAGIC algorithm probability

(MAP) that estimates the probability of 6-month non-relapse

mortality for individual patients (142, 143).
TABLE 1 Overview of current clinical studies using MSCs for the treatment of GVHD.

Sponsor,
Country

Product Phase
Status

Planned
Participants

Study Title (ClinicalTrials.gov Clinical Trial Number)
EudraCT Number (if available)

Medac GmbH,
Germany

MC0518 Phase 3
Recruiting

210 A Randomised, Open-label, Multicentre, Phase 3 Trial of First-line Treatment with Mesenchymal
Stromal Cells MC0518 Versus Best Available Therapy in Adult and Adolescent Subjects with
Steroid-refractory Acute Graft-versus-host Disease After Allogeneic Haematopoietic Stem Cell
Transplantation (IDUNN Trial) (NCT04629833) EudraCT Number: 2019-001462-15

University of
Liege, Belgium

MSCs Phase 2
Recruiting

100 Infusion of Mesenchymal Stem Cells as Treatment for Steroid-Resistant Grade II to IV Acute
GVHD or Poor Graft Function: a Multicenter Phase II Study (NCT00603330) EudraCT Number:
2007-004310-14

Andalusian
Initiative for
Advanced
Therapies,
Spain

Adult
Allogeneic
MSCs from
adipose tissue

Phase 1/2
Active,
not
recruiting

16 Clinical Trial Phase I/II Graft Versus Host Disease Treatment Refractory to First-line Therapy
with Sequential Infusion of Mesenchymal Cells Allogeneic Expanded Adipose Tissue in Vitro
(NCT02687646) EudraCT Number: 2014-005533-32

MD Anderson
Cancer Center,
USA

Cord blood
tissue-derived
MSCs

Pilot
study
Recruiting

24 A Randomized Controlled Pilot Study of Two Doses of Cord Blood Tissue-Derived Mesenchymal
Stromal Cells Combined with Ruxolitinib Versus Ruxolitinib Alone for Therapy of Steroid-
Refractory Acute Graft Versus Host Disease (NCT04744116)

Edwin
Horwitz,
Emory
University,
USA

IFNg-primed
human BM-
derived MSCs

Phase 1
Recruiting

45 Interferon g-Primed Mesenchymal Stromal Cells as Prophylaxis for Acute Graft v Host Disease
After Allogeneic Hematopoietic Cell Transplantation for Patients with Hematologic Malignancies
and Myelodysplasia (NCT04328714)

University of
Kansas
Medical
Center, USA

MSCTC-0010
UC
Wharton’s
jelly MSCs

Phase 1
Recruiting

10 A Phase I Study to Evaluate the Safety of Umbilical Cord - Derived, Ex-Vivo Cultured and
Expanded Wharton’s Jelly Mesenchymal Stem Cells for the Treatment of De Novo High Risk
Acute or Steroid Refractory Acute Graft Versus Host Disease (NCT03158896)

Peking
University
People’s
Hospital,
China

Umbilical
cord MSCs
and anti-
CD25 mAb

Phase 3
Not yet
recruiting

130 Efficacy and Safety of UC-MSCs for the Treatment of Steroid-resistant aGVHD Following Allo-
HSCT: A Multicenter, Randomized, Open-label Trial (NCT04738981)

Nanfang
Hospital of
Southern
Medical
University,
China

MSCs Phase 2
Recruiting

152 Mesenchymal Stem Cell for Treatment of Chronic Graft-versus-host Disease After Allogeneic
Hematopoietic Stem Cell Transplantation (NCT04692376)

Shenzhen
University
General
Hospital,
China

UC MSCs Phase 1/2
Recruiting

10 Clinical Trial of Umbilical Cord Mesenchymal Stem Cells in the Treatment of Moderate/Severe
Chronic Graft-versus-host Disease (NCT05152160)

Cytopeutics
Sdn. Bhd.,
Malaysia

Cytopeutics®

UC-derived
MSCs

Phase 1/2
Recruiting

40 Cytopeutics® Umbilical Cord Mesenchymal Stem Cells (Cyto-MSC) for Patients with Grade II-IV
Acute Graft-Versus-Host Disease: A Phase I/II Clinical Study (NCT03847844)

SCM
Lifescience
Co., LTD.,
Korea

SCM-CGH
(BM MSCs)

Phase 2
Recruiting

77 A Multicenter, Randomized, Parallel Group, Double-blind, Phase 2 Trial to Evaluate Efficacy and
Safety of SCM-CGH in Patients with Steroid-Refractory or Dependent Chronic Graft-Versus-Host
Disease (NCT04189432)
Source: www.clinicaltrials.gov (date accessed: 14 February 2022).
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Despite the importance of the above-mentioned plasma

biomarkers in GVHD, their role in predicting or monitoring

MSC response has not been confirmed (116). Decreases in plasma

biomarkers such as Reg3a, CK18, TNFRI, IL-2Ra, and elafin were

observed in patients who responded to MSCs (144–146). However,

another study found that Reg3a and IL-2Ra were not correlated

with the response to MSCs in aGVHD patients (144). ST2 has been

reported to be a strong predictive marker for patients unresponsive

to GVHD therapy (139). However, in a Phase 2 study of 48 patients

with SR-aGVHD, ST2 was not predictive of therapy resistance

before infusion of MSCs (147). In addition, neither the absolute

numbers nor the frequencies of CD8 and NK cells seem to have a

role in predicting MSC response (147).

In a study that assessed three proposed aGVHD serum markers

(Reg3a, CK18F, and elafin) and the lymphocyte profiles of 16

aGVHD patients given MSC treatment, no obvious markers for

MSC therapy response were revealed (148). In a cohort of 40

pediatric SR-aGVHD patients treated with remestemcel-L, the

baseline biomarker profile consistently displayed inflammation

including increases in the activation of CD4+ and CD8+ T cells

and plasma levels of Reg3a and ST2. Over the course of the study,

MAP was significantly decreased from baseline through 180 days,

which was attributable to significant reductions in ST2 levels. In

addition, levels of activated T cells declined, and levels of T, B, and

NK cells generally increased over time (149).

In a small cohort of SR-aGVHD patients, the increase of serum

PGE2 after MSC treatment was significantly greater in the responders

compared to the non-responders. Hence, it was suggested that PGE2

monitoring could estimate the immunological activity of MSC

therapy in GVHD patients (150). In addition, it was recently

reported that MSCs, infused in the presence of cytotoxic cells,

experience caspase activation and apoptosis, which is shown to be

required for their immunosuppressive function. Cytotoxic assays

have been found to predict the clinical responses in murine models

and patients with GVHD; patients who demonstrate high cytotoxicity

display relatively good responses to MSC therapy, while

improvements were not found in patients given MSC infusion who

displayed low or absent cytotoxic activity (151, 152). While the

recipient’s cytotoxic cell activity is required for MSC therapeutic

efficacy and could help identify ideal patients who will likely respond

well to MSC therapy, PGE2 levels could be a biomarker for

monitoring responses and detecting early treatment failures after

MSC infusion (116).
3.2 Placenta-derived decidua stromal cells

Placenta-derived decidua stromal cells (DSCs) are a type of

stromal cells of maternal origin isolated from the fetal membranes

of term placenta. The placenta includes the amnion, chorionic plate,

villous and smooth chorion, decidua basalis, and umbilical cord.

The decidua is a maternal uterine tissue that plays an important role

in maternal-fetal immune tolerance (153, 154). DSCs have better

expansion capacity and stronger immunomodulatory effects

compared to stromal cells originating from fetal tissues, amnion,

and chorion and BM-MSC (155).
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Non-clinical studies have shown that placenta-derived DSCs

differ from BM-MSCs in several aspects. They are smaller in size,

show less differentiation capacity for chondrogenic and osteogenic

fates, have a stronger inhibitory effect on allogeneic T cell

proliferation, and in vitro data shows that they promote

coagulation more effectively than BM-MSCs (156–162).

Furthermore, studies of human DSCs showed that, unlike MSCs,

DSCs have a similar inhibitory capacity on the proliferation of T

cells whether fresh or frozen and thawed, and cell viability was

maintained for 24 hours in both circumstances (163).

In vitro evaluation of DSCs shows a great immunosuppressive

capacity for the proliferation of alloreactive T cells, production of

proinflammatory cytokines, and induction of anti-inflammatory IL-

10 secretion (158). In addition, these cells suppress the production

of interferon-gamma (IFN-g) and IL-17, express high levels of

integrins that may be important in targeting inflamed tissues, and

express high levels of adhesion markers compared to other types of

stromal cells (158).

Erkers et al. (2013) reports that DSCs need to be near

alloreactive lymphocytes to mediate a suppressive effect via

paracrine mechanisms or increase the frequency and/or

expression level of the Treg population. Thus, DSCs may not use

paracrine factors solely for systemic immunosuppression but more

specifically to target T cells directly in affected tissues (157). DSCs

inhibit dendritic cell differentiation and their ability to induce

allogeneic T cell proliferation; IDO and PGE2 mediate the

inhibitory effect (161). Blocking the activity of IDO, PGE2,

programmed cell death ligand 1, and IFN-g impaired the

antiproliferative ability of the DSCs in mixed lymphocyte

reactions (157).

DSCs may influence stromal cell-mediated immune modulation

and changes in activated T cell phenotypes through IL-2 production

and IL-2R signaling. Sirolimus and cyclosporine A target the IL-2

signaling pathway, diminishing the antiproliferative effect of DSCs

in vitro (164). The characteristics of DSCs are summarized

in Table 2.

Comprehensive non-clinical short- and long-term toxicity

studies of systemic DSC infusions were conducted in two animal

models (rat and mouse) and in series of in vitro assays employing

human blood (162). No thrombosis, organ damage, or toxicity were

observed with doses up to 40 x 10^6 cells/kg (40 times higher than is

used clinically). In vivo tracking of IV-infused DSCs has shown cell

signals in the lungs of treated animals for up to four days post-

infusion. Compared to BM-derived MSCs, the DSCs were smaller in

size but showed stronger clotting ability in human blood and

plasma in an in vitro assay. A heparin supplement was used to

decrease in vitro clotting parameters and markers of MSC- and

DSC-induced complement activation and coagulation, including

thrombin-antithrombin complex and C3a (162). Figure 1 displays

the immunomodulatory and regenerative properties of DSCs.

A major obstacle in stromal cell therapy is the trapping of IV

infused MSCs into the lung microvasculature, impairing their

homing to target tissue due to the first-passage effect (the passive

entrapment of MSCs in small vessels), which is a function of the cell

size and deformability. DSCs have smaller diameters, being

approximately half the volume of MSCs, which could encourage
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microvascular passage and reduce microvascular organ and

pulmonary embolism risks (156, 165). In vitro data showed that

DSCs have stronger hemostatic properties than MSCs, which could

trigger stronger activation of the clotting system. However, none of

our preclinical studies (162) or clinical application of DSCs (166,

167) supported this observation in vivo (156). Thus, to address any

possible risk, we optimized the cell graft preparation and infusion

process using heparin (166, 167).

3.2.1 Academic studies with
placenta-derived DSCs

DSCs have been clinically investigated for the treatment of

severe aGVHD at the Karolinska Institute in Sweden (155, 166–

169), as well as cGVHD (170), hemorrhagic cystitis (171), acute

respiratory distress syndrome (ARDS) (171), lung insufficiency

following Covid-19 (172) and radiculomyelopathy (173), which

demonstrated positive responses in the vast majority of patients.

DSCs, like other cells, first go to the lungs after IV infusion due to
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pulmonary trapping (165, 174, 175). Due to this, DSCs are a

promising therapy for lung-related disease such as ARDS and

COVID-19. Three cases of ARDS, a rare side effect of HCT, have

been treated with MSCs. Two patients given BM-MSCs did not

survive, although the third patient who received DSCs, showed a

dramatic response, and has survived seven years post-treatment

thus far (176). DSC therapy was also recently shown to be safe and

capable of improving oxygenation, decreasing inflammatory

cytokine levels, and clearing pulmonary infiltrates in patients with

COVID‐19 (172).

The distribution of DSCs after IV infusion has also been

investigated in severe cGVHD. The pilot study by Erkers et al.

(2015) used DSCs labeled with 111Indium (111In), and the in vivo

distribution was tracked for 48 hours in two patients. The labeled

DSCs were initially located in the lungs, followed by dissemination

to the liver and spleen (170). MSCs have been superior for use in

treating acute rather than chronic GVHD, but DSC therapy may be

more effective and needs further controlled trials to confirm the

superiority over MSCs (177).
3.2.1.1 DSCs in aGVHD

In the investigator-initiated study (Karolinska Institute Sweden;

170), a total of 38 subjects with severe aGVHD Grade 2-4 were

enrolled and treated with placenta-derived DSCs, as a second-line

therapy. Of the subjects, 21 (ages 1.6-72.4 years) received DSCs

supplemented with 5% albumin (median dose 1 x 10^6 cells; DSC/

Albumin group at inclusion), and 17 (ages 0.9-65.6 years) received

DSCs supplemented with 10% AB plasma (median dose 2 x 10^6

cells; DSC/AB Plasma group at inclusion). The number of patients

who were steroid-refractory in the DSC/Albumin and DSC/AB
FIGURE 1

Immunomodulatory and Regenerative Properties of DSCs. Decidua stromal cells (DSCs) employ a broad array of immunomodulatory mechanisms,
produced directly through intrinsic or secreted immunomodulatory and regenerative molecules, such as Galectin-1, indoleamine-2,3-dioxygenase
(IDO), or indirectly via changes in innate and adaptive immune cells, involving inhibition of T and NK cells and induction of regulatory T cells,
polarization of T helper cells, dendritic cells, monocytes, and macrophages to type 2 phenotype, and inhibition of B cell maturation. This results in
benefits to the cytokine profile, including downregulation of the proinflammatory molecules TNF-a, IFN-g, perforin, and granzyme and secretion of
anti-inflammatory IL-10 and multiple trophic and regenerative factors. This process results in beneficial tissue repair.
TABLE 2 Characteristics of DSCs.

Positive
for

CD29, CD73, CD90, CD105, CD44, CD49d,
HLA class-I antigens

Negative for CD11, CD19, CD34, CD31, CD45, epithelial cell markers, and
HLA class-II antigens

Increase
expression of

IL-10, integrins, PDL-1/-2, Tregs

Decrease
expression of

IFN-g, IL-17

Suppress Immune response
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Plasma groups was 11 and 13, respectively and were treated between

2011-2015. In both study groups, the majority of subjects were

males (52.9% - 76.2%) and most subjects had aGVHD Grade 3

(71.4% in DSC/Albumin group, 88.2% in DSC/AB Plasma group).

Control groups, including only patients with acute steroid-

refractory GVHD, included 15 subjects receiving BM-MSC

treatment (ages 34-65 years) and 32 historical controls receiving

all available treatment as a second-line therapy except cells (ages

3.7-67.7 years). All control patients were from the Karolinska

Institute Database, treated between the years 2000–2010, and

were not matched to the treatment group.

The results reported in this review paper were taken from the

manuscript Ringden et al. (167). The Fisher exact test was applied to

test the statistical significance of the difference in the percentage of

subjects achieving a treatment response between study groups in all

aGVHD patients. Time to survival was determined with the

Lifetable method using the log-rank (Mantel-Haenzel) test, taking

censored data into account. The DSC/Albumin group had a higher

chance of survival than the DSC/AB Plasma group with one-year

survival rates of 76% and 47%, respectively (based on the Fisher

exact test). A complete or partial response was found in all subjects

(100.0%) in the DSC/Albumin group at four weeks after the first

DSC dose (52.4% complete response, 47.6% partial response)

compared with 58.8% in the DSC/AB Plasma group (29.4%

complete response, 29.4% partial response) (p = 0.013). The

cumulative incidence rate of GVHD-related mortality was

significantly lower in the DSC/Albumin group compared to the

DSC/AB Plasma group (death rates from aGVHD at one-year post-

DSC treatment were 5% and 41%, respectively). No significant

differences were observed between DSC groups in the incidence rate

of chronic GVHD and hematological relapse.

In a subgroup of subjects with SR-aGVHD (n=71 in all groups;

analysis is based on data from second-line therapy), the one-year

survival rate aGVHD was significantly higher in the DSC/Albumin

group (73%), versus the DSC/AB Plasma group (31%, p = 0.02), the

MSC group (20%, p = 0.0015), and the historical control group (3%,

p < 0.001), based on the Fisher exact test. A complete or partial

response was observed in all SR-aGVHD subjects (100.0%) in the

DSC/Albumin group at four weeks after the first DSC dose (63.6%

complete response; 36.4% partial response), which was significantly

higher than in the DSC/AB Plasma group and the MSC group with

approximately only 25% seeing a response in the historical control

group. The differences in response (complete and partial) vs. no

response between the DSC/Albumin group and all other study

groups were statistically significant at all timepoints evaluated.

The most common adverse events in the DSC groups were

relapse (8/38 of subjects, 21%), fungal infection (6/38, 15.8%), and

pneumonia (5/38, 13.2%). Lower rate of bacterial infection and

multiple organ failure were reported in DSC groups versus control

groups (7.9% and 34.4% respectively). Death events were reported

for all study groups and occurred at lower rates in the DSC groups

(44.7%) versus the control groups (96.9%). The majority of subjects

in the DSC group died from either acute GVHD (23.7%), relapse

(5.3%) or bacterial infection (5.3%); GVHD was the main cause of

death in the control groups. Overall, based on the limited safety data

available for analysis, no safety signals detected were attributable to
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the study intervention (DSC). The causes of adverse events and

deaths were associated with common complications seen among

subjects undergoing HCT and with severe aGVHD.
3.3 Industry-sponsored studies with
placenta-derived DSCs (ASC930) and
biomarkers of DSCs in GVHD

ASC Therapeutics, Inc. is developing ASC930, an allogeneic off-

the-shelf investigational product consisting of live human placenta-

derived DSCs in collaboration with the Karolinska team who

originally developed DSCs as described. ASC930 is being

developed for the treatment of patients with SR-aGVHD Grade

II-IV following allo-HCT. ASC930 will be given to the hospitalized

patients in an infused IV on a weekly basis. Each dose consists of 1 ±

0.2 x 10^6 cells/kg body weight and will be repeated for four weeks

based on the patient’s condition.

The clinical development program of ASC930 was initiated with

a re-analysis of safety and efficacy data from open-label studies

conducted in academic settings (Karolinska Institute, Sweden) in

subjects with aGVHD (166, 168, 178). An IND clearance has been

received from the FDA, in addition to orphan drug designation, and

a Phase 2 open-label multicenter study is planned to further assess

the efficacy and safety of ASC930 treatment in 60 patients with SR-

GVHD Grade II-IV (NCT04883918).

Due to the limited knowledge of how DSCs act in the body and

how they activate the immune system, biomarkers are vital to

determine the mechanisms of DSC treatments. Biomarkers for

disease, immune, and cellular response to DSCs could help identify

the optimal patients, treatment, and monitoring strategies for safety

and efficacy of cell therapy for aGVHD. DSCs can be measured in the

body, but also the donor-derived cell-free DNA can be quantified to

understand the cellular actions or predict organ rejection.

Inflammation also needs to be monitored because it can be a

precursor to organ injury. Flow cytometry is the typical method for

measuring the immune response by identifying and quantifying types

of immune cells. Endothelial dysfunction biomarkers in the blood,

such as ST2 and REG3a, can predict long-term outcomes and have

been incorporated into theMAGIC algorithm probability to determine

mortality post aGVHD treatment. High levels of these two biomarkers

in the blood are found in aGVHD patients and predict mortality.
4 Conclusion

Steroid refractory acute GVHD is a life-threatening complication

that limits the success of HCT. HCT is widely used in curing many

hematological malignancies and other fatal disorders of the immuno-

hematological system. The only FDA-approved drug for SR-aGVHD,

ruxolitinib, cures just a portion of patients with SR-aGVHD. MSCs

are rare cells in all body tissues but may be cultured and expanded to

a large number of cells. Among several other features, MSCs are

immunosuppressive and have been used to treat aGVHD, among

other immunological disorders. MSCs are an attractive candidate for

therapy because there are almost no reported side effects. DSCs have a
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greater immunosuppressive capacity than other sources ofMSCs, and

preliminary in vitro and clinical data suggest they more effectively

treat alloreactivity and aGVHD compared to other sources of MSCs

(bone marrow, fat, umbilical cord tissue, or amniotic fluid). Further

clinical phase 1/2 trials and prospective randomized trials compared

to the best available therapies, including ruxolitinib, are needed to

establish DSCs as a therapy for SR-aGVHD.
5 Expert opinion

Finding safe and efficacious treatments for acute Graft versus

Host Disease (aGVHD) after stem cell transplantation in patients

with hematological malignancies is crucial because of its high

mortality rate and the limited success of current treatment

options. Over approximately two decades, autologous and

allogeneic cell therapies have been used in clinical trials to treat

aGVHD with encouraging responses. The introduction of decidua

stromal cells (DSCs) has shown a 50% higher survival rate

compared to those observed with mesenchymal stem cells (MSCs)

in both pediatric and adult populations experiencing steroid-

refractory aGVHD (SR-aGVHD). Interestingly, the vehicle used

for DSCs was found to be relevant, since albumin (ASC930) rather

than AB plasma significantly increased the survival rates. The FDA

has cleared ASC930 for a phase 2 trial for Grade II-IV SR-aGVHD,

to confirm the manufacturability, safety and efficacy data already

demonstrated in academic trials of DSCs.

The future of allogeneic cell therapies in SR-aGVHD will be a

crucial milestone, not only for this indication, also for the

demonstration that placenta-derived DSCs can exert a potent

immunoregulatory role in patients with life-threatening

conditions and potentially with autoimmune diseases. With the

promise of these therapies also comes the expansion of therapeutic

indications, determination of relevant endpoints, both clinical and

surrogate biomarkers, as well as inclusion/exclusion criteria to

target the right patient population in bespoke clinical trials.

Among the most difficult challenges for allogeneic cell therapies is

ensuring reproducibility and large-scale manufacturability. Scaling

up these therapies is time-intensive and costly with significant

obstacles halting or slowing down their path to clinical use. This

potential bottleneck in the availability of clinical materials requires

the collaborative efforts of academia and industry to avoid supply

chain disruptions and ensure accelerated progress in the cell

therapy space. Future automation solutions may alleviate some of

these issues, including reducing human error, enhancing

reproducibility, and achieving standardization. Automation holds

the potential to assist with the critical quality control necessary for

cell therapy. Interest from investors and manufacturers is increasing

with successful clinical trials and hopefully, will assist successful

therapies in reaching the production and manufacturing phases.

The advantages of using DSCs over MSCs make them an

attractive alternative to inflammatory-related diseases. Although still

under investigation, some efficacy and safety limitations seen with

MSC-based therapy have been found to be circumvented when using

DSCs instead. More research is also required to identify the long-term

effects of DSC-based therapies beyond one-to-five-year survival data
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for various clinical indications. We also need to determine the

potential of repeated treatment cycles, compared with a potentially

safer ‘one-and-done’ single infusion, given the pharmacokinetic and

pharmacodynamic profile of the ‘hit-and-run’ nature of DSCs.

The progress already achieved with DSC-based therapies in pre-

and clinical development programs for aGVHD so far is paving the

way toward the approval and mainstream use of these therapies in the

clinic. DSC-based treatments will reach full-scale production and

manufacturing phases over the next decade. The present indications

for most cell therapies include diseases with few to no current

treatments, high mortality rates, and substantial threats to the quality

of life. It will also be interesting to see the use for cell therapy treatments

broaden in the near future, which is bound to occur with the safety and

efficacy data reported by current clinical trials.
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96. Galipeau J, Sensébé L. Mesenchymal stromal cells: clinical challenges and therapeutic
opportunities. Cell Stem Cell (2018) 22(6):824–33. doi: 10.1016/j.stem.2018.05.004

97. Rendra E, Scaccia E, Bieback K. Recent advances in understanding mesenchymal
stromal cells. F1000Res (2020) 9. doi: 10.12688/f1000research.21862.1
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