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CMC Figure 1: Remestemcel-L Manufacturing Facilities

1.2.1

Stage 1: Donor Cell Bank

As shown in CMC Figure 2, the first stage of the process is the production of the Drug Substance
(DS) intermediate, the DCB from Bone Marrow Aspirate (BMA) (see Section 5.2.1). The
starting material, BMA, are collected from healthy human donors via LWI Bone Marrow Donor
Program. Prior to acceptance of the BMA, the donor undergoes donor eligibility screening and
infectious disease testing in accordance with FDA 21 CFR Part 1271 Human Cells, Tissues, and
Cellular and Tissue Based Products (HCT/Ps) requirements. Donor Cell Banks proposed for use
in commercial production are manufactured at the LWI facility in the US.
CMC Figure 2:
Remestemcel-L Manufacturing Process: Starting Material and Donor Cell Bank

The process steps in the production of the DCB begin with isolation of nucleated bone marrow
cells (NBMC) from BMA. Isolated NBMC (INBMC) are suspended in culture medium and
seeded into cell factories to isolate MSCs through the cell property of plastic adherence. Cells are
cultured, fed with fresh culture media and at confluence cells are dissociated from cell factories
with a trypsin solution, washed and seeded into cell factories for further culture expansion
(Passage 1). The cell expansion culture steps are repeated for Passage 2. Following Passage 2,
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cells are harvested and then formulated in a cryoprotectant solution (with the same formulation
as components used in the final DP formulation), filled into cryogenic containers, and then
cryopreserved in a controlled rate freezer. The DCBs are stored at ≤ -135°C in LN2 vapor phase
until required for further manufacturing use.
Each DCB lot is derived from 1 bone marrow donor which following culture expansion
generates multiple containers of DCB per lot. Several DCBs lots are available for continued
manufacture of DP.
1.2.2

Stage 2: Drug Product

The second stage of the process is the continued production of the DS, and formulation and fill
of the final DP (CMC Figure 3). These process steps occur at the LBSS site in Singapore.
CMC Figure 3:
Remestemcel-L Manufacturing Process: Drug Substance and Drug Product

Abbreviations: ce-MSC= ex-vivo culture-expanded adult human mesenchymal stromal cell

The process steps include thawing of 1 DCB container, which is seeded into cell factories and
culture expanded as described above for 3 more passages before cell harvesting. The harvested
cells following Passage 5 are the active DS.
Following harvesting of cells, the process is continuous, and cells are immediately formulated
with only a minimal hold time in a cryoprotectant solution containing Plasma-Lyte A, DMSO
and HSA into the final DP. The DP is filled into labelled closed cryovials, cryopreserved in a
controlled rate freezer and stored at ≤ -135°C in LN2 vapor phase freezers.
For each manufacturing campaign of DP, 1 container of DCB is used, which following the
culture expansion steps, cell harvesting and formulation, will generate on average 120 finish
product vials in each finished product lot. Therefore overall, 1 donation of bone marrow can
manufacture enough DP to treat more than 500 patients.
Process parameters limits for Stage 2 have been defined through process development studies,
manufacturing development and process limit evaluations. Limits were verified through Process
Performance Qualification.
Throughout the manufacturing process there are a number of in-process controls to monitor the
quality of the cells and the manufacturing environment to ensure that the process is being
executed consistently.
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In addition, quality control release testing is performed on the DCBs and the final DP. As the
drug substance is immediately processed, the tests on the DS are focused on in-process sterility
and mycoplasma testing, to ensure the aseptic environment has been maintained. Quality control
release testing performed on DCBs and final DP are described further in Section 5.
The characteristics and attributes of MSC are well understood, and robust quality assurance
processes ensure final product with batch-to-batch consistency and reproducibility.
1.2.3

Stage 3: Secondary Packaging and Distribution

For the third stage of the process, the final DP is shipped to ICS Amerisource Bergen, in the
USA, for secondary packaging in cartons for distribution to the customer. Remestemcel-L for
commercial supply is packaged into a 1 vial and 4 vial carton presentation. The product is held at
distribution centers until it is requested by a treating hospital. The product quantities are prepared
and shipped under strict temperature conditions to the treating hospital to ensure the quality of
the product at the time of treatment. Further information on shipping and distribution is provided
in Section 8. The product can be stored for up to 4 years under cryostorage conditions. This gives
hospitals the ability to have off-the-shelf product available when needed to treat a patient.
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et al, 2009; Ghannam et al, 2013; Giri et al, 2020; Németh et al, 2009; Ramasamy et al, 2007;
Rasmusson et al, 2005). Consistent with these published findings, data generated during early
development of remestemcel-L provided evidence that ce-MSCs have immunomodulatory
properties and a multimodal mechanism of action which may have therapeutic benefit in the
treatment of aGVHD. Culture-expanded MSCs demonstrate immunosuppressive activity in T
cell-driven immune responses in animal models of allogenic skin graft rejection (Bartholomew et
al, 2002). In vitro, ce-MSCs suppress T cell activation and proliferation in response to alloantigenic and mitogenic challenge and, in addition, stimulate an increase in regulatory T cells
(Treg) (Aggarwal & Pittenger, 2005; Klyushnenkova et al, 2005). In co-culture systems, ceMSCs alter the cytokine secretion profile of immune cells (dendritic cells, naïve and effector T
cells, NK cells), decreasing expression of proinflammatory cytokines (eg, interferon-gamma
[IFNγ], TNFα) and increasing secretion of anti-inflammatory cytokines (eg, interleukin-4 [IL-4]
and interleukin-10 [IL-10]) (Aggarwal & Pittenger, 2005). The immunomodulatory effects of ceMSCs on activated T cells are attributable, at least in part, to secretion of paracrine factors such
as prostaglandin E2 (PGE2) in response cues in the inflammatory environment (Aggarwal &
Pittenger, 2005). Data show that ce-MSCs secrete increased levels of PGE2 when co-cultured
with activated peripheral blood mononuclear cells and when directly stimulated with TNFα
(Aggarwal & Pittenger, 2005; data on file).
Shown below are immunomodulatory effects of Mesoblast’s ce-MSC product, remestemcel-L,
on proliferation of activated T cells and on suppression of macrophage and T cell-derived
inflammatory cytokines. When co-cultured with allogeneic peripheral blood mononuclear cells
(PBMC) where the T cells have been activated with anti-CD28 and anti-CD3 mAbs,
remestemcel-L lots manufactured from 3 different donors, including lots used in the pivotal
Phase 3 trial, Study GVHD001, and lots generated in process performance qualification(PPQ)
manufacturing runs, potently inhibited T cell proliferation in a dose-dependent manner (CMC
Figure 4 Part A). Suppression of T cell proliferation was maintained in transwell experiments
(CMC Figure 4 Part B), demonstrating that this effect was due to secretion of soluble factors
acting either directly on T cells, such as PGE2, or indirectly, such as MCP-1 or M-CSF, to
induce M1 to M2 macrophage polarization and IL-10 secretion.
Measurement of cytokines produced by the activated PBMC showed significant induction of
TNFα, lymphotoxin and IFNγ, indicative of a cytokine storm (CMC Figure 4 Part C).
Remestemcel-L potently inhibited by over 90% both TNFα and lymphotoxin production, but not
IFNγ, indicating a specific and selective pattern of proinflammatory cytokine suppression (CMC
Figure 4 Part C) within both T cells and macrophages. These data suggest that remestemcel-L
responds to proinflammatory cues in the inflammatory microenvironment by immunomodulatory
mechanisms which create a paracrine loop resulting in specific shut down of inciting
inflammatory cytokines.
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CMC Figure 4:
Immunomodulatory Effects of Remestemcel-L on Activated T Cells in vitro

Note: Remestemcel-L was co-cultured with CD3/CD28-activated allogeneic human PBMC at ratios of 5:1 or 10:1
PBMC to ce-MSCs. To evaluate the effects of remestemcel-L on activated T cell proliferation, cells were pulsed
with the thymidine analogue, EdU, prior to harvest at 72 h. Flow cytometry was performed to determine the
incorporation of EdU as a direct measure of proliferating T cells. Panel A shows inhibition of activated T cell
proliferation by multiple lots of remestemcel-L manufactured from 3 different donors (Donor 1, N=5 lots; Donor 2,
N=4 lots, Donor 3, N=9 lots). Panel B shows that remestemcel-L inhibits activated T cell proliferation in both direct
contact and transwell cultures (5 PBMC:1 ce-MSC). Data from a single lot of remestemcel-L shown. Panel C shows
that levels of proinflammatory cytokines, TNFα, lymphotoxin-α and IFNγ, are markedly increased in cultures of
activated PBMC and that the presence of remestemcel-L (at a ratio of 1 ce-MSC to 5 PBMC) selectively decreases
levels of TNFα and lymphotoxin α, but has no effect on secretion of IFNγ. Data for 2 lots of remestemcel-L from
different donors are shown. Columns represent mean±SD.

To examine whether TNFα induces production of cytokines by remestemcel-L which are capable
of self-regulation and inhibition of TNFα production, gene products with expression reported to
be stimulated in MSCs in response to exposure to TNFα and have been implicated in
immunomodulatory effects of ce-MSCs were examined. These include MCP-1/CCL2, M-CSF,
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IL-8, and COX2 (Aggarwal & Pittenger, 2005; Besse et al, 2000; Domenis et al, 2018; Le Blanc
& Davies, 2015; Németh et al, 2009; Whelan et al, 2020), all activated via the canonical NF-kB
pathway. As shown in CMC Figure 5, TNFα in a dose-dependent manner induced remestemcelL lots to secrete progressively higher levels of MCP-1/CCL2, M-CSF and IL-8. MCP-1 and MCSF are secreted extracellularly, bind to their respective receptors on monocytes/macrophages
and contribute to polarization of M1 macrophages to the resolving M2 phenotype (Giri et al,
2020; Sierra-Filardi et al, 2014) associated with reduction in TNFα production and increased IL10 production. TNFα also induced remestemcel-L to secrete high levels of PGE2, and this was
synergistic with IL-1 activation, another cytokine whose effects are mediated via the canonical
NF-kB pathway (CMC Figure 5). Together, these data confirm that activation of the NF-kB
pathway in remestemcel-L induces COX-2 activity and release of the T cell inhibitory factor
PGE2.
CMC Figure 5:
TNFα Induces Expression of Immunomodulatory Cytokines
Regulated by NF-kB in Remestemcel-L
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Note: For measurement of MCP-1, M-CSF and IL-8, ce-MSCs were seeded in serum-supplemented medium in 24
well culture plates and allowed to attach overnight. Medium was refreshed and cells were incubated for 72 h in the
presence or absence of rhTNFα (1–50 ng/ml). At the end of the culture period, conditioned medium was collected
for analysis by ELISA. For measurement of PGE2, cells were seeded and medium was refreshed as described above,
then stimulated with rhTNFα (10 ng/ml), rhIL-1β (1 ng/ml) or both cytokines in combination and incubated for 72 h.
Conditioned medium was then collected for determination of PGE2 levels by ELISA. Bars represent mean±SD.

MSCs express receptors for a range of proinflammatory cytokines (Pittenger et al, 1999),
suggesting that functional cell surface receptors may facilitate the immunomodulatory responses
of ce-MSCs to their environment, particularly in response to high levels of TNFα as is observed
in acute GVHD. Among these, tumor necrosis factor receptor type I (TNFR1, also known as
cluster of differentiation [CD] 120a), has been shown to play an important role in the inhibitory
effects of ce-MSCs on activated T cell proliferation. Data generated to support early
development of a potency release assay for remestemcel-L employed transient transfection of ceMSCs with TNFR1 anti-sense oligonucleotides to effect a dose-dependent reduction in the
reduced levels of TNFR1 (CMC Figure 6). These reductions were accompanied by attenuation of
T cell inhibition in vitro, supporting a link between the level of TNFR1 expression on ce-MSC
expression and the corresponding suppression of activated T cell proliferation. Knockdown of
TNFR1 in ce-MSCs with 1.25 µM, 2.5 µM or 5 µM antisense oligonucleotide resulted in levels
equivalent to 76%, 57% and 22% of levels in no antisense control ce-MSCs.
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CMC Figure 6:
TNFR1 Mediates the Inhibitory Effects of ce-MSCs on Activated T Cell Proliferation

Note: ce-MSCs were transiently transfected with sense and anti-sense TNFR oligonucleotides then seeded onto 96
wells plates (10,000 cells/well) or 6 well plates (30,000 cells/well) in DMEM+10% FBS. After overnight
incubation, cells were transfected with TNFR1 anti-sense oligonucleotides and cultured for 24 h. Cells were lysed
for detection of TNFR1 by ELISA. A parallel set of samples were cultured with PBMC and anti-CD3/CD28
antibodies and cultured for 5 days for determination of the effect of ce-MSCs on lymphocyte proliferation. Solid
bars represent mean TNFR1 concentration in pg/106 cells (numbers immediately above bars). Line shows %
inhibition of proliferation by ce-MSCs. Numbers within bars show level of TNFR1 relative to no antisense
oligonucleotide control. (Data on file.)

These observations were independently corroborated by Dorronsoro et al, 2014, who showed that
shRNA silencing of TNFR1, but not TNFR2, attenuated the inhibitory effect of ce-MSCs on
activated T cell proliferation CMC Figure 7. Together, these data have provided rationale for use
of TNFR1 measurement as a surrogate marker of the immunomodulatory effects of remestemcelL on activated T cells (Section 5.1).
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CMC Figure 7:
shRNA Silencing of TNFR1 Attenuates the Inhibitory Effect of
ce-MSCs on Activated T cell Proliferation

Note: Human PBMC stimulated with anti-CD3/CD28 antibodies (L) were co-cultured with human ce-MSCs
transduced with lentiviral vectors carrying shRNAs targeting TNFR1 (pL-TNFR1i) or TNFR2 (pL-TNFR2i) or
empty vector (pLVemp). After 6 days, T cell proliferation was determined by flow cytometric analysis of CFSE
dilution in CD3+ T cells. Columns represent mean±SD of 3 samples pooled from 3 independent experiments,
**p < 0.01, one-way ANOVA with Dunnett’s post hoc test. Dorronsoro et al, 2014.

The intracellular actions of TNFα via its engagement with TNFR1 are mediated through
activation of NF-kB, a well-documented master regulator of responses to inflammation
(Lawrence, 2009). Activation of NF-kB involves phosphorylation of p65 NF-kB on ser-536 and
movement from its usual cytosolic location in the cell to the nucleus, where it regulates a broad
range of downstream target genes (Boston University). In accord with the role of TNFR1
identified above in mediating the ability of ce-MSCs to inhibit T cell proliferation, signaling
through TNFR1, and not TNFR2, is required for the nuclear translocation of NF-kB in MSC as
shown by shRNA silencing of both receptors (Dorronsoro et al, 2014) (CMC Figure 8). Thus,
TNFR1 activation of ce-MSCs results in NF-kB nuclear translocation which regulates the
immunomodulatory effects of ce-MSCs.

___________________________________________
Page 16 of 127

remestemcel-L
MESOBLAST

FDA Advisory Committee
13 August 2020

__________________________________________
CMC Figure 8:
Translocation of NF-kB from the Cytosol to the Nucleus in ce MSCs
Requires Signaling Through TNFR1

Note: Human ce-MSCs were transduced with lentivirus containing shRNAs that specifically targeted TNFR1 (pLTNFR1i) or TNFR2 (pL-TNFR2i) and co-cultured in transwell plates with CD3/CD28 antibody – plus IL-2activated allogeneic PBMC for 5 h. ce-MSCs transduced with empty vector (pLVemp) served as control.
Immunofluorescent staining was performed to determine the intracellular localization of p65 NF-kB in ce-MSCs.
Confocal images of ce-MSCs with green fluorescent p65 NF-kB and DAPI-stained blue fluorescent nuclei are
shown. Following exposure to activated PBMC, empty vector-transduced control ce-MSCs exhibited nuclear
localization of p65 NF-kB (left panel). In contrast, p65 NF-kB was observed in the cytosol of TNFR1 knockdown
ce-MSCs (middle panel). Similar to control, p65 NF-kB was predominantly localized in the nuclei of TNFR2
knockdown ce-MSCs (right panel). Scale bar=50 µm. (Dorronsoro et al, 2014).

To further characterize the mechanisms by which TNFα binding through TNFR1 mediates the
immunomodulatory activities of remestemcel-L, siRNA technology was utilized to generate ceMSCs expressing reduced levels of TNFR1. As shown in CMC Figure 9, these studies resulted
in the generation of ce-MSCs with a very similar level of knockdown to those achieved
previously by Osiris using antisense oligonucleotides (shown in CMC Figure 6). In comparison
to transfection with non-targeting siRNA control, transfection of ce-MSCs with siRNA targeting
TNFR1 resulted in reduction of TNFR1 expression by 54.4% (20 pM siRNA), 77.6% (100 pM)
and 73.9% (500 pM).
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CMC Figure 9:

siRNA-Mediated Knockdown of TNFR1 in Remestemcel-L

Note: ce-MSCs were transfected with siRNA targeting TNFR1 (20, 100 or 500 pM). Medium was refreshed, and
cells were cultured for 72 h. Cells were lysed and TNFR1 levels were measured by ELISA. Samples were assayed in
triplicate. Columns represent mean±SD.

Consistent with the findings of Dorronsoro and colleagues (2014), siRNA-mediated reduction in
the expression of TNFR1 in remestemcel-L resulted in a dose-dependent and parallel reduction
in the level of the phosphorylated (ser-536) form of NF-kB (CMC Figure 10). These findings in
sum suggest that the immunomodulatory effects of remestemcel-L in response to TNFα and a
cytokine storm occur via TNFR1 activation, NF-kB nuclear translocation, and transcription of
multiple paracrine factors whose effects in concert result in both macrophage M2 polarization
and T cell inhibition.
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CMC Figure 10: siRNA Knockdown of TNFR1 in Remestemcel-L Results in DoseDependent Reduction in Levels of Phospho-NF-kB

Note: ce-MSCs were transfected with siRNA targeting TNFR1 (20, 100 or 500 pM). At 48 h following transfection,
cells were stimulated with TNFα (10 ng/ml) for 1 h then lysed. Levels of total and phosphorylated NF-kB in
ce-MSC lysates were determined by ELISA. Figure shows levels of total NF-kB (left panel) and phosphorylated NFkB (right panel) in unstimulated and TNFα-stimulated ce-MSCs. OD=optical density. Columns represent mean±SD.

Since TNFR1 levels in remestemcel-L correlate with levels of both phosphorylated NF-kB
intracellularly and the ability to inhibit T cell proliferation via secretion of paracrine factors
extracellularly, parameters for a potency assay using threshold levels of TNFR1 that relate to the
product’s immunomodulatory function have been established. As shown in CMC Figure 11, a
best-fit curve was created to show the relationship between TNFR1 levels and % inhibition of T
cell proliferation. While a minimum 50% inhibitory T cell function can be achieved with
relatively low TNFR1 levels, a substantially higher TNFR1 level is required to achieve 60–70%
T cell inhibitory function. Through manufacturing optimization, progressively higher TNFR1
levels have been achieved, and products using these progressively higher levels have been used
across sequential clinical trials. Clinical outcomes are being evaluated for use of products with
higher TNFR1 levels made with optimized manufacturing processes, and these evaluations will
inform on thresholds to be set for TNFR1 potency release criteria.
CMC Figure 11: Polynomial Regression Model Describing Relationship Between TNFR1
Expression on ce-MSC and Inhibition of Activated T Cell Proliferation in vitro
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Culture-expanded MSC comprising remestemcel-L are clonogenic, being capable of forming
fibroblastic colony units (CFU-f) in vitro, and multipotent, having the capacity to differentiate
into mesenchymal lineage cell types, including bone, cartilage, and fat under specific inductive
conditions (Pittenger et al, 1999, data on file). The cell surface immunophenotype of ce-MSCs is
characterized by positive expression of mesenchymal lineage identity markers, including CD29,
CD44, CD71, CD73, CD90, CD105, CD106, CD120a, CD124 and CD166 and absence of the
hematopoietic lineage markers, CD45, CD14 and CD34, and of the MHC class II molecule,
HLA-DR (Pittenger et al, 1999; Aggarwal & Pittenger, 2005; data on file). Notably, the capacity
of ce-MSCs to adhere to plastic and undergo trilineage differentiation and the immunophenotype
noted above is consistent with the International Society of Cellular Therapy (ISCT)’s position
paper defining a minimum set of criteria for MSC identity (Dominici et al, 2006).
MSC are also characterized by a hypo-immunogeneic phenotype, expressing low levels of MHC
class I, and an absence of the MHC class II molecule, HLA-DR (noted above), and the costimulatory molecules CD40, CD80, and CD86, which are essential for immune recognition
(Klyushnenkova et al, 2005; data on file). Functionally, MSC exert suppressive effects on T cell
proliferation in vitro and do not stimulate clinically significant immune responses following
allogeneic transplantation in vivo in nonclinical animal studies (Klyushnenkova et al, 2005; data
on file). These immune characteristics allow for allogeneic use of ce-MSCs without HLA
matching between donor and recipient or the need for immunosuppression.
As described in Section 2, ce-MSCs have immunomodulatory activity that provides rationale for
their use in aGVHD.
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•

Primary efficacy and safety studies in pediatrics with steroid-refractory acute Graft
Versus Host Disease (SR-aGVHD)- GVHD-001

•

Supportive efficacy and safety studies in patients with SR-aGVHD, Expanded access
protocol (EAP) Protocol 275, and Protocol 280

During development remestemcel-L has also been administered in other sponsor-initiated clinical
studies, including:
•

Protocol 265, a clinical efficacy and safety study which enrolled adult patients with new
onset aGVHD that were not steroid refractory

•

Sponsor-initiated single-patient studies and investigator-initiated studies in aGVHD

•

Sponsor-initiated non-GVHD studies including: acute myocardial infarction, Crohn’s
Disease, chronic obstructive pulmonary disease, and T1D.

For all clinical studies, multiple lots of remestemcel-L were administered in each study, derived
from multiple donors. Some of the remestemcel-L lots were also used across multiple clinical
studies. In addition, each clinical trial patient may have received different remestemcel-L lots
during the course of a treatment.
CMC Figure 12:
Summary of Manufacturing Sites used in the Product of Donor Cell
Bank and Drug Product during Development to Proposed Commercial Manufacture

Abbreviations: DCB=Donor Cell Bank; DP=drug product; LBSS= Lonza Bioscience Singapore; LWI= Lonza Walkersville, Inc.
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through the BMA. CMC Table 6 lists the current viral testing panel performed on each lot of
DCB using validated assays. As new viruses are identified and recommended for evaluation by
FDA, risk assessments are performed to evaluate further testing to ensure ongoing patient safety.
CMC Table 6: Donor Cell Bank Viral Screening
Detection of HCV RNA by RT-qPCR
Detection of CMV DNA by qPCR
Detection of EBV DNA by qPCR
Detection of HBV DNA by qPCR
Detection of HHV-6 Variant A and Variant B DNA by qPCR
Detection of HHV-8 DNA by qPCR
Detection of HIV-1 DNA by qPCR
Detection of HIV-2 DNA by qPCR
Detection of HTLV 1 DNA by qPCR
Detection of HTLV II DNA by qPCR
Detection of Parvovirus B-19 DNA by qPCR
Detection of HPV 18 DNA by qPCR
Detection of HHV-7 DNA by qPCR
Detection of SV40 DNA by qPCR
Detection of AAV-2 DNA by PCR
Reverse transcriptase activity by Q-PERT
In Vivo Assay for Viral Contaminants (USFDA): Mouse and Egg
In Vitro Assay for Detection of Adventitious Viral Contaminants: MRC-5, VERO, Hs68 cells
Thin Section Electron Microscopy for Detection of Viral Particles

Karyology testing is performed on DCB to confirm the chromosomal stability of the cells and the
absence of chromosomal abnormalities.
Potential product and process-related impurities in the manufacture are controlled through
assessment, selection and testing of materials used in the manufacture (see Section 5.2), and
confirmed through in-process and batch release testing. Tests are conducted for the presence of
residual reagents (trypsin and bovine serum albumin) in the final product. Appearance and visual
inspection testing are performed on the final product to compendial requirements to ensure
product has a consistent visual and particle free quality. Endotoxin levels are tested according to
compendial requirements and specification acceptance criteria.
Identity testing is performed on both the DCBs and DP. Human cell line identity testing is
conducted on DCBs to confirm cells are of human origin.
Cell surface phenotype is an important aspect of ce-MSC identity. Assays are conducted on the
DCBs and DP which detect key phenotypic markers representing both positive (CD166 and
CD105) and negative cell surface markers (CD45) specific for the ce-MSC product. The markers
have been extensively studied over product development and chosen for their representation of
cell characteristics. Criteria for levels of expression of the markers are in alignment with ISCT
criteria for MSC identity (Dominici, et al., 2006). The combination of these positive and negative
markers has been tested on the product throughout development as DCB and DP release tests and
have consistently demonstrated the final product’s purity and identity.
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Interleukin-2 receptor α (IL-2Rα) is an early marker of T cell activation (Section 3). Inhibition of
human PBMC expression of interleukin-2 receptor α (IL-2Rα) is a biological functional activity
release assay performed on DCB and DP, which monitors the % inhibition of IL-2Rα on
activated T cells by remestemcel-L (Section 2).
Cell concentration, cell viability, and TNFR1 cell expression have been selected as potency
attributes for the remestemcel-L product.
Cell viability and cell concentration criteria for DP lot release ensure that each released product
contains the minimum number of cells required for preparation of clinical administration
according to dosing and administration instructions (see Part II: Clinical Briefing Book Section
1.4). Post-thaw cell formulation studies have been conducted which have demonstrated that the
required number of cells are available following DP thaw, dilution into Plasma-Lyte A for
infusion and over the infusion period.
TNFR1 is considered an indicator of the inhibitory bioactivity of ce-MSCs to reduce the level of
activated T cells in vivo, relevant to the intended biological effect of ce-MSCs in aGVHD. The
mechanisms of ce-MSC inhibitory effects on activated T cells and relevancy of this assay as a
potency attribute are described in Section 2 and Section 3, respectively.
An analysis of donor lots from a single donor used in patients treated in the pivotal Phase 3 trial
GVHD001 showed consistently high TNFR1 levels and high T cell inhibitory function assessed
by IL-2Rα (CMC Figure 13). Mean TNFR1 level and IL-2Rα inhibitory function were similar
when analyzed across products from each of the 3 donors used in GVHD001.
These data support that DP TNFR1 expression is a relevant marker of product potency and
performance.
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CMC Figure 13:
TNFR1 Expression and T Cell Inhibitory Function from Donor #3 in
Study GVHD001/002

5.2
5.2.1

Control of Materials
Bone Marrow Aspirates

The starting material, BMA, is collected from healthy human donors via LWI’s Tissue
Acquisition Program. Prior to acceptance of the Bone marrow aspirate, the donor undergoes
donor eligibility screening and infectious disease testing in accordance with FDA 21 CFR Part
1271 Human Cells, Tissues, and Cellular and Tissue Based Products (HCT/Ps) requirements.
All donors are screened for infectious diseases through blood screen within 7 days of BMA
collection according to 21 CFR 1271 requirements (CMC Table 7). Additionally, donors are
tested for blood count, metabolic levels, groups Rh and HLA typing. Blood is tested in Clinical
Laboratory Improvement Amendments (CLIA) certified laboratories to perform testing
according to FDA requirements.
Donor to donor variability is controlled through pre-defined selection qualification criteria for
donors for the BMAs used as starting material in the process. This includes previous successful
donation (under Research Tissue Acquisition Program) and donor age, bone marrow cell count,
Body Mass Index, negative infectious disease history, blood or bone disease and physical
examination.
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for clinical administration. All excipients are of pharmacopoeial grade. In addition, both PlasmaLyte® A are HSA solution have been licensed by the FDA.
5.3

Manufacturing Process Aseptic Attributes

The aseptic manufacturing process used in the production of remestemcel-L is functionally
closed, with few open processing steps, thereby minimizing the risk of microbial and viral
contamination through the process. Aseptic process simulation is performed routinely to
demonstrate that the manufacturing process can be completed without the introduction of
microbial contamination. Multiple steps in the process are monitored for contamination and
extensive safety testing (see below) ensures product is free of viral and non-viral contaminants.
Additionally, conduct of the manufacturing process within the manufacturing facilities whereby
the environment and personnel are monitored to ensure that production occurs in a controlled
environment minimizes the risk of introducing potential contamination by extrinsic adventitious
agents into the process.
In summary, the combination of quality controls around the process, facility, raw materials,
components and monitoring of quality attributes for each lot of ce-MSCs manufactured ensures
the final product potency, safety, and potency.
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process, a change to the final storage container from cryogenic bags to cryogenic vials and
addition of tighter in-process controls to provide a more consistent product (data on file).
Product manufactured at LBSS is proposed for commercial release. Product manufactured at
LBSS has undergone routine batch analysis of quality attributes, process limit evaluations,
process validation studies, characterization and stability studies which demonstrate control of
manufacture and lot to lot consistency (data on file).
Mesoblast is currently manufacturing proposed commercial remestemcel-L product at LBSS to
stock-pile product in preparation for commercial release following product approval.
CMC Figure 14: Summary of Manufacturing Development History and Experience

Abbreviations: DCB=Donor Cell Bank; DP=drug product; LBSS= Lonza Bioscience Singapore; LWI= Lonza Walkersville, Inc.
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9

CONCLUSIONS

The remestemcel-L manufacturing process has been developed to produce a safe, effective, and
consistent product. Over development relevant quality attributes have been established that are
representative of product characteristics for identity, purity, safety, and efficacy.

The mechanism of action regarding the product’s immunomodulatory characteristics are well
defined in vitro and in vivo. The relevancy of the product’s potency marker, TNFR1 expression
levels, have been supported through in vitro data and correlation to clinical outcome measures in
the clinical efficacy studies.
Control of starting materials, raw materials, testing performed at multiple points of the
manufacturing process through in-process testing and final release testing, use of sterile single
use technology materials and a functionally closed manufacturing process, all provide assurance
that the product is safe and manufactured consistently.
The product has been well characterized through long-term stability studies demonstrating that it
maintains a shelf-life of 48 months when stored at ≤ -135°C in LN2 vapor phase. Storage and
distribution process and controls are in place to ensure product quality is maintained from the
start of production through to receipt by the customer.
In conclusion, remestemcel-L has a well-established and robust manufacturing process which
produces a product that consistently meets product quality attributes.
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1
1.1

EXECUTIVE SUMMARY
Introduction

Mesoblast is seeking approval for remestemcel-L for the treatment of steroid refractory acute
Graft Versus Host Disease (SR-aGVHD) in pediatric patients. Acute GVHD is an aggressive and
life-threatening complication of hematopoietic stem cell transplantation (HSCT) that occurs
when donor stem cells attack the recipient’s tissues, causing a systemic inflammatory response
and tissue damage. Patients who do not respond to first-line corticosteroids have the highest risk
of treatment failure and mortality. Currently available treatments have limited efficacy in those
with severe disease (Grade C or D) and are associated with significant toxicities. There is no
FDA-approved treatment for children under 12 years of age.
Remestemcel-L is a novel, off-the-shelf, allogeneic cell product that comprises culture-expanded
adult mesenchymal stromal cells (ce-MSCs) isolated from bone marrow of healthy adult donors.
These rare cells are situated around blood vessels and respond to proinflammatory cytokines
within inflamed tissues via surface receptors for macrophage-derived cytokines TNFα, IL1 and
IL-6, and T cell derived cytokines IFN-gamma and IL-17. The immunomodulatory effects of
remestemcel-L reflect its impact on various immune cells, including macrophages, T cells, B
cells, and NK cells. Key to the ability of remestemcel-L to orchestrate an anti-inflammatory
environment is its ability to be activated by macrophage and T cell-derived inflammatory
cytokine TNFα via its receptor TNFR1. In response to TNF activation, remestemcel-L secretes
high levels of chemokine CCL2 (MCP-1) which polarizes M1 macrophages to anti-inflammatory
M2 macrophages, suppressing TNFα production and inducing IL-10 production. In addition,
through secretion of PGE2 and Indoleamine 2,3 Dioxygenase (IDO), in response respectively to
TNF-alpha and IFN-gamma, remestemcel-L inhibits effector T-cell activation and proliferation
and induces suppressor T regulatory cells. The resulting short-term and long-term
anti-inflammatory activity subsequently improves symptoms and survival.
Remestemcel-L's low immunogenic profile allows administered without patient-specific blood
type or HLA matching or immunosuppressive agents. Remestemcel-L is administered
intravenously at a recommended dose of 2 × 106 cells/kg body weight. Intended administration is
twice per week for 4 consecutive weeks and once per week for an additional 4 weeks if
symptoms have improved but have not completely resolved. If symptoms recur after a complete
response (CR; resolution of aGVHD in all involved organs), treatment may be repeated.
Remestemcel-L has been thoroughly investigated in 1,114 patients across the development
program including 654 patients with aGVHD and 458 patients in 3 SR-aGVHD Protocols.
Across Protocol 280, EAP 275, and the pivotal Phase 3 study, Study GVHD001/002, 309
children with SR-aGVHD received remestemcel-L. Earlier studies of remestemcel-L in different
populations include new onset GVHD in adults (Protocols 260/261 and 265) and other nonGVHD indications (acute myocardial infarction [AMI], chronic obstructive pulmonary disease
[COPD], Crohn’s Disease, and Type 1 Diabetes [T1D]).
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Learnings from prior SR-aGVHD protocols provided critical insights to inform the design of
Pivotal Study GVHD001 regarding dose, severity, target population, and line of therapy.
Additionally, the development process has provided an advanced understanding of the
relationship between potency measures of the product and important clinical outcomes,
particularly survival. Further, the sub study of GVHD001/002 has provided a significant
understanding of potential predictive biomarkers. Mesoblast is seeking approval in children with
SR-aGVHD based on positive efficacy and safety results from Pivotal Study GVHD001
supported by EAP 275.
1.2

Background and Unmet Need

Acute GVHD is common among patients who receive an allogeneic HSCT. Acute GVHD
develops when donor T cells recognize alloantigens on recipient antigen-presenting cells. This
interaction results in T cell activation and secretion of inflammatory cytokines, which trigger a
cascade that ultimately results in cell- and cytokine-mediated damage to target organs
(Przepiorka et al, 2020; Reddy & Ferrara, 2003). Acute GVHD primarily affects the skin,
gastrointestinal (GI) tract, and liver, with clinical symptoms including a classic rash, abdominal
cramps with bloody diarrhea, and jaundice (Sung & Chao, 2013).
Pediatric aGVHD is an orphan disease. In the US, approximately 1,300 allogeneic transplants are
performed annually in children with refractory hematological malignancies or life-threatening
genetic diseases (D’Souza et al, 2020). Between 300 and 1,000 of these children will develop
aGVHD. Overall, depending on donor source and human leukocyte antigen (HLA) match, up to
80% of children who undergo HSCT develop aGVHD, despite prophylactic treatment with
immunosuppressive agents (Deeg, 2007; MacMillan et al, 2002; Pidala et al, 2011a). Acute
GVHD is associated with significant morbidity and mortality. Recently, MacMillan et al (2020)
reported that 2-year survival after starting therapy in pediatric aGVHD was only 35% in those
who did not respond to steroid therapy.
Corticosteroids are the standard first-line therapy for aGVHD (Martin et al, 2012a). Patients are
considered steroid refractory when disease progression occurs within 3 days or no improvement
occurs within 7 days of consecutive treatment with 2 mg/kg/day of methylprednisolone or
equivalent. Approximately 50% of patients with aGVHD are steroid refractory. Patients with
severe aGVHD who do not respond to steroids have the highest risk of treatment failure, with
transplant-related mortality rates as high as 70–90% (Arai et al, 2002; Jagasia et al, 2012;
MacMillan et al, 2020a). The severity of aGVHD is assessed by the degree of organ involvement
calculated from individual staging of the skin, GI tract, and liver. Key severity index scales,
including the International Bone Marrow Transplant Registry (IBMTR), the Glucksberg Grade,
and the Minnesota Disease Risk Score Severity Index, classify severity on a 4-point scale
ranging from mild (Grade A/I) to life-threatening aGVHD (Grade D/IV).
Currently there are no approved treatment options for children under 12 years of age. Oral
ruxolitinib is the only FDA-approved treatment for SR-aGVHD in patients 12 years or older. In
the ruxolitinib clinical trials, REACH1 and REACH2, Day 28 OR was 55% and 62%,
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respectively, in all patients and was associated with significant toxicities including
thrombocytopenia that can limit patients from continuing therapy. The efficacy of ruxolitinib
was lower in patients with severe aGVHD. In patients with Grade 3 disease, Day 28 OR was
41% in REACH1 and 56% in REACH2. In patients with Grade 4 disease, Day 28 OR was 43%
in REACH1 and 53% in REACH2 (Jagasia et al, 2019, Zeiser et al, 2020). As an oral treatment,
ruxolitinib is limited in aGVHD patients with GI involvement who often cannot tolerate an oral
drug.
Pediatric patients with SR-aGVHD, who are already gravely ill and immunosuppressed, face a
serious, often fatal, disease with limited treatment options. There is a significant unmet need for
treatment that provides these patients with improved efficacy and tolerability, while maintaining
an acceptable safety profile.
1.3

Development and Regulatory History

In 2003, Osiris Therapeutics, Inc. (Osiris) developed the original process for ex vivo ce-MSCs,
remestemcel-L. The Prochymal (later renamed remestemcel-L) application was granted Orphan
Drug Designation in 2005 for the treatment of aGVHD. Development in acute GVHD was
started with one randomized control trial in new onset aGVHD (Protocol 265) and another
randomized controlled trial in SR-aGVHD (Protocol 280) as a standard development program.
EAP 275 in pediatric SR-aGVHD patients was started as enrollment of pediatric patients in
Protocol 280 was low, given it was a blinded RCT.
Results from Protocol 265 showed no benefit of adding remestemcel-L to corticosteroids versus
corticosteroids alone. Thus, subsequent development of remestemcel-L focused on SR-aGVHD.
Protocol 280 did not meet its primary endpoint. However, a post hoc subgroup analyses showed
potential signal of efficacy in more severe (Grades C & D) SR-aGVHD, and in pediatric
SR-aGVHD patients. Given this signal of potential efficacy in pediatric SR-aGVHD patients
Protocol 275 continued.
Although an EAP, Protocol 275 enrolled a large number of pediatric SR-GVHD patients
(N=241) over 8 years and showed substantial benefit (both in OR and OS) as a salvage therapy
in a population who had failed multiple therapies.
These learnings directed the focus of further development to:
•

SR-aGVHD, and not New Onset aGVHD

•

Patients with severe disease

•

Using OR at Day 28 and OS at Day 100 and 180 as endpoints

•

Begin with a trial in pediatric SR-aGVHD and follow with an adult SR-aGVHD trial.

In 2013, Mesoblast acquired all technology from Osiris and oversaw all subsequent
manufacturing (see CMC Section 6 for details).
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In 2014, Mesoblast met with the FDA to discuss the development program. FDA acknowledged
the potential benefit seen in Protocol 275; however, a number of confounding factors (eg,
previous and concomitant treatment standard of care therapies) made it difficult to assess the
contribution of remestemcel-L to the benefit seen in Protocol 275. Agreement was reached that
an adequately designed and conducted single-arm trial in pediatric SR-aGVHD patients could be
sufficient to support a marketing application. FDA also advised eliminating potential
confounding from all other agents apart from steroids and prophylactic therapies. The pivotal
Phase 3 study, Study GVHD001, was designed after discussion with the FDA based on learnings
from Protocol 280 and response data in children from the EAP 275 including: patient
inclusion/exclusion criteria; disease severity; excluding additional treatments other than steroids
during the first 28 days; and study endpoints, including the key secondary endpoint of patient
survival through 180 days in Study GVHD002. The application received Fast Track Designation
for the current proposed indication in 2017. Mesoblast has had multiple Type B and C meetings
with the Agency to discuss and gain alignment on the development program, including the
pre-BLA meeting held in April 2019. The rolling submission occurred through 2019 with
completion of the application in January 2020. The FDA accepted the remestemcel-L BLA under
Priority Review.
1.4

Proposed Indication and Dosing

The proposed indication for remestemcel-L is for the treatment of aGVHD in pediatric patients,
when aGVHD has failed to respond to treatment with systemic corticosteroids.
Remestemcel-L is administered intravenously and dosed based on body weight. The
recommended dose of remestemcel-L is 2 million MSC per kg of body weight. For initial
treatment, patients should be treated twice per week for 4 consecutive weeks, with infusions at
least 3 days apart. If the symptoms have not completely resolved, patients may receive
remestemcel-L once a week for an additional 4 weeks at the discretion of the treating physician.
If the symptoms recur after achieving a CR, treatment may be repeated.
1.5

Efficacy

The remestemcel-L clinical development program in SR-aGVHD comprised 3 clinical trials
shown in Table 8: Protocol 280, EAP 275, and Pivotal Study GVHD001/002.

___________________________________________
Page 51 of 127

remestemcel-L
MESOBLAST

FDA Advisory Committee
13 August 2020

__________________________________________
survival endpoints at Day 100 and Day 180 would be appropriate, and the study population
should be enriched with children with severe SR-aGVHD (mostly Grade C/D, excluding Grade
B skin-only). Further, conducting a randomized, placebo-controlled clinical trial in children with
such severe refractory disease would be difficult. Therefore, an adequately designed single-arm
trial, Pivotal Study GHVD001, was initiated.
Optimized Manufacturing Process
In parallel to the clinical studies, quality manufacturing improvements were made throughout
development to optimize and streamline the overall process, which Mesoblast has consistently
carried forward. In 2009, enhancements made in the manufacturing process resulted in an
increase in TNFR1 levels on the surface of remestemcel-L and an increase in ability to inhibit
IL-2RA, a marker of T cell proliferation. Further analyses have demonstrated an association
between the increase in these potency attributes and improved patient survival. All patients in
Protocol 280 received remestemcel-L made using the original process prior to the manufacturing
changes; approximately one-quarter of patients in EAP 275 received product made with the
optimized process; and 51 of the 54 patients in Study GVHD001 received only product made
with the optimized process, and the remaining 3 patients received both.
Pivotal Study GVHD001
Pivotal Study GVHD001 was a Phase 3, multicenter, single-arm, open-label trial designed to
incorporate the learnings of the earlier studies. Overall, 55 children with SR-aGVHD were
enrolled, and 89% had Grade C/D disease. Patients received remestemcel-L as first-line
treatment after steroid failure without additional therapies through Day 28. Remestemcel-L
demonstrated substantial evidence of efficacy with a Day 28 OR of 70% that was consistent
across severity, including Grades C/D where other treatments often fail. Overall survival was
74% at Day 100 and 69% at Day 180. These clinically meaningful results were consistent with
EAP 275 results and show the robust efficacy of remestemcel-L in the target population of
children with SR-aGVHD. These results were also consistent with the potency changes in the
product.
Pivotal Study GVHD001: Study Design
The Pivotal Study GVHD001 design is shown in Figure 15. Patients between 2 months and 17
years of age with SR-aGVHD Grades B through D were eligible to enroll in the study, excluding
Grade B skin-only.
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Figure 15:

Pivotal Study GVHD001/002 Design

Abbreviations: CR=complete response; aGVHD=acute Graft Versus Host Disease; MR=mixed response; PR=partial response;
Tx=treatment
*aGVHD that showed progression within 3 days or no improvement within 7 days of consecutive treatment with 2 mg/kg/day of
methylprednisolone or equivalent.

Eligible patients received intravenous remestemcel-L twice per week for 4 consecutive weeks
and were assessed for response at Day 28. At that point, patients who had a CR or no response
stopped receiving remestemcel-L but continued assessments. If patients achieved a CR and had a
flare of aGVHD, they could receive 2 doses per week for an additional 4 weeks. Patients with a
partial or mixed response continued treatment once a week for 4 additional weeks with follow-up
assessments at Day 56 and Day 100.
Day 100 marked the end of Study GVHD001 and the beginning of Study GVHD002, a safety
follow-up study for patients who chose to continue into the extension through 180 days. During
the extension, patients were assessed for safety, survival, and duration of response. Importantly,
no treatments with remestemcel-L were administered during the safety follow-up period.
The primary endpoint of Study GVHD001 was OR, defined as CR or partial response (PR) at
Day 28 after starting remestemcel-L. Response to treatment for aGVHD is evaluated in terms of
the following parameters:
•

CR: resolution of aGVHD in all involved organs

•

PR: organ improvement of at least 1 stage without worsening of any other organ (see
Section 2.1.3 and Section 2.1.4 for details on disease stages and grading)

•

OR: includes both PR + CR

Key secondary endpoints were OS at Day 100 and very good partial response (VGPR), defined
as fulfillment of the CR except for minimal skin rash findings, modest serum bilirubin elevation,
or minimal gastrointestinal symptoms. Study GVHD002 was primarily for safety follow-up, as
well as to assess survival and duration of response through Day 180.
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for Regulatory Activities (MedDRA) “respiratory, thoracic and mediastinal disorders” System
Organ Class, all of which were reviewed individually and found to be infectious pneumonias.
Patients with aGVHD who are immunosuppressed are specifically prone to these types of
infections. No death was considered related to remestemcel-L.
Regarding AEs of special interest (AESIs), acute infusion reactions were defined as adverse
reactions that began within 2 hours following initiation of the remestemcel-L infusion; the
incidence rate of acute infusion reactions was less than 1%. Three patients had acute infusion
reactions, and 2 of the events were Grade 3. Regarding the Grade 3 events, 1 patient experienced
hypotension after the first infusion and was withdrawn from the study due to Grade 4
hypermetabolic syndrome 3 days later. The other patient experienced dyspnea during the eighth
infusion, which led to the interruption of remestemcel-L. The infusion reaction resolved without
sequelae, and the patient recovered and went on to receive 4 additional remestemcel-L infusions,
which were well tolerated.
Overall, 17 patients experienced 26 serious infections, most of which were bacterial or viral. In 2
patients, the investigator considered the infection possibly related to remestemcel-L. These
infections are commonly seen in patients with aGVHD who are immunocompromised.
In summary, remestemcel-L was well tolerated with a favorable safety profile. The most
frequently reported AEs in Study GVHD001 were those commonly seen in the pediatric
SR-aGVHD population, such as infections, GI disorders, and respiratory complications. As
remestemcel-L is a cellular therapy, there is no potential for drug-drug interactions, and no dose
adjustments are needed for renal or hepatic impairment. Importantly, remestemcel-L does not
compromise normal immune function, which is an important consideration when managing
patients with SR-aGVHD who are already heavily immunocompromised.
1.7

Benefit-Risk Summary

Children with SR-aGVHD represent a highly vulnerable patient population who desperately need
an effective treatment option with a favorable safety profile. SR-aGVHD has a high risk of
treatment failure and mortality, particularly in those with severe GVHD. Currently, there are no
approved treatment options for children under 12 years of age. For children 12 and older,
currently available treatments have limited efficacy, particularly in the most severe patients with
Grades C and D disease, and these treatments are associated with significant toxicities.
In contrast to currently used treatments, remestemcel-L has shown consistent benefit across
disease severity, including severe disease, with a favorable safety profile.
In the pivotal Phase 3 study, Study GVHD001, there was a high OR at Day 28 of 70% and a
consistently high OR in patients with Grades C and D disease of 73%. Importantly, survival to
Day 180 was 69%.
The efficacy and safety of remestemcel-L for patients with SR-aGVHD are supported by results
from EAP 275, which showed clinically meaningful efficacy in a highly refractory real-world

___________________________________________
Page 63 of 127

remestemcel-L
MESOBLAST

FDA Advisory Committee
13 August 2020

__________________________________________
population, including patients with severe Grade C or D disease who failed to respond to
multiple lines of standard of care.
Regarding risk, remestemcel-L has a well-tolerated safety profile that is highly favorable
compared to standard therapies, including current treatment and recently approved therapy. The
most commonly reported AEs in remestemcel-L studies were expected in the pediatric
SR-aGVHD immunocompromised population and were not considered to be associated with
remestemcel-L in the majority of cases.
In conclusion, the totality of evidence demonstrates remestemcel-L’s highly favorable benefitrisk profile, supporting approval of remestemcel-L for the treatment of pediatric patients with
SR-aGVHD.

___________________________________________
Page 64 of 127

remestemcel-L
MESOBLAST

FDA Advisory Committee
13 August 2020

__________________________________________
2012a). Worldwide, approximately 7,125 cases of aGVHD (including 1,125 to 1,200 pediatric
cases) are reported each year (Jagasia et al, 2012; Niederwieser et al, 2016; Passweg et al, 2015;
Westin et al, 2011).
2.1.2

Pathophysiology of aGVHD

The pathophysiology of aGVHD develops through 3 phases (Ghimire et al., 2017; Sung & Chao,
2013):
•

Host tissue damage by bone marrow transplant conditioning: The transplant conditioning
regimen (eg, chemotherapy, monoclonal antibody therapy, or radiation) that occurs
during allogeneic HSCT causes an immune response and activates antigen-presenting
cells (APCs).

•

Immune cell activation and cytokine storm: The APCs cause activation of T cells from
the donor graft.

•

Inflammation and end organ damage: A cascade of cellular and inflammatory factors
work together to cause further tissue damage. Organs affected by aGVHD include the
skin, GI tract, and the liver.

2.1.3

Risk Factors for aGVHD

A variety of risk factors have been identified for aGVHD (Sung & Chao, 2013):
•

HLA mismatch is the strongest determinant of GVHD.

•

Using female donors for male recipients increases the risk of GVHD.

•

Multiparity in donors has been linked with increased risk of GVHD secondary to
maternal alloimmunization.

•

Total body irradiation conditioning increases risk of GVHD.

•

Transplants that result in full donor chimerism (in which all detectable cells are donor in
origin) are associated with a higher incidence of GVHD than mixed chimerism (in which
a mixed population of donor and recipient cells are detected).

•

Infections may also play a role; microflora affects GVHD, and administration of
antibiotics can attenuate the risk.

•

If either the donor or recipient are cytomegalovirus positive, the risk of GVHD is
increased.

•

Older patients are more likely to have GVHD, possibly because of increased thymic
involution with aging and impaired central deletion of autoreactive T cells.

•

Patients with worse performance status are at higher risk of GVHD.

Various risk scores have been developed to help identify patients at high risk for severe aGVHD
and/or poor outcomes. In 2012, MacMillan et al. established a novel risk stratification method,
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Patients with severe aGVHD (which is typically defined as Grade III or IV or Grade C or D
disease based on the Glucksberg or IBMTR grading systems, respectively) who fail to respond to
first-line steroid therapy have the highest risk of treatment failure (Arai et al, 2002; Jagasia et al,
2012; MacMillan et al, 2020a). Day 100 mortality can reach 70% in SR-aGVHD patients with
expected 1-year survival rates of just 5% to 30% (Davies et al, 2009; Deeg, 2007; Martin et al,
2012b; MacMillan et al, 2002; MacMillan et al, 2010; Martin et al, 1990; Przepiorka et al, 1995;
Weisdorf et al, 1990). Adults and pediatric patients have similar poor outcomes, with severity of
disease being one of the most important risk factors across all patients. Reduction of long-term
morbidity is of particular concern in the pediatric population.
2.3
2.3.1

Current Treatment Options
Available Therapies to Treat SR-aGVHD

Currently, there are no FDA-approved therapies in the United States for the initial treatment of
aGVHD and there is a lack of standardized protocols currently in use across treatment centers.
Available treatment options to prevent aGVHD have historically involved front-line therapy with
glucocorticoids, along with different combinations of prophylaxis agents such as methotrexate,
tacrolimus, and cyclosporine A (Martin et al, 2012a; Michallet et al, 1999; Dignan et al, 2012a;
Dignan et al, 2012b).
The American Society of Blood and Bone Marrow Transplantation developed recommendations
for the treatment of aGVHD based on a comprehensive and critical review of the published
literature. Treatment with methylprednisolone at 2 mg/kg/day or prednisone at 2.0 or
2.5 mg/kg/day has long been accepted as standard first-line therapy for aGVHD (Martin et al,
2012a).
Both the severity and duration of symptoms for aGVHD are considered when determining
whether to add second-line therapy. In general, initiating second-line therapy should be
considered early either at onset or shortly after initiation of steroids, particularly for patients with
more severe disease given their poor prognosis and high mortality rates. Specifically, secondary
treatment should be considered after 3 days with progressive manifestations of aGVHD, after 1
week with persistent, unimproving Grade III aGVHD or after 2 weeks with persistent,
unimproving Grade II aGVHD (Martin et al, 2012a). Patients who fail to respond to first-line
steroid therapy and who require additional treatment typically have severe disease, defined as
Grade III or IV or Grade C or D disease based on the Glucksberg or IBMTR grading systems,
respectively, and the survival outcomes are poor.
Multiple agents with varying proposed mechanisms of action have been used for second and
higher line therapy in aGVHD, including a wide variety of immunosuppressive agents, although
there is little evidence to support the efficacy of any of these drugs over any other treatment
commonly used as secondary therapy for aGVHD (Martin et al, 2012a). The only FDA-approved
therapy for SR-aGVHD is Jakafi® (ruxolitinib), and its approval in May 2019 was limited to
SR-aGVHD patients at least 12 years old.
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All of these treatments, including ruxolitinib, have been shown to have limited efficacy and poor
OS in the treatment of severe disease, and they are associated with significant adverse reactions.
In the REACH-1 trial of ruxolitinib, which served as the basis for recent FDA approval of this
product to treat SR-aGVHD in patients over 12 years of age, Day 28 OR was 42% (20/48) in
patients with severe disease (Glucksberg Grades III/IV), and as is the case in clinical practice,
these patients represented the majority of patients with SR-aGVHD who receive treatment
beyond initial steroid therapy (48/71 or 68%) (Jakafi prescribing information, 2020).
2.3.2

Limitations of Current Treatment Options and Unmet Patient Need

Multiple investigational treatments, most of which are direct immunosuppressive agents, have
been used in pediatric SR-aGVHD patients with severe disease. However, these treatments,
including ruxolitinib, are frequently associated with significant adverse reactions and toxicities.
The toxicities associated with ruxolitinib include anemia, thrombocytopenia, neutropenia,
hypercholesterolemia, hyperglycemia, leukopenia, hypocalcemia, hyperkalemia, elevated alanine
aminotransferase, elevated aspartate aminotransferase, and hypertriglyceridemia, and infection
(Jakafi prescribing information, 2020).
The pediatric patient population with SR-aGVHD is highly vulnerable, and, when coupled with
AEs from prior HSCT conditioning regimens (irradiation or chemoablation) and other primary
disease treatments, the aggregate overall toxicity from these treatments results in significant
infections and multiple severe complications. Effective agents with an improved safety profile
are desperately needed for these patients, particularly for those with severe SR-aGVHD.

___________________________________________
Page 70 of 127

remestemcel-L
MESOBLAST

FDA Advisory Committee
13 August 2020

__________________________________________
that may raise safety concerns. Consistent with these nonclinical data, there has been no evidence
of tumor or ectopic tissue development attributable to remestemcel-L in humans.
There is no evidence to date that intrinsic factors such as age, sex, race, or hepatic or renal
impairment, or extrinsic factors (such as smoking and diet) affect remestemcel-L distribution.
Effects of genetic polymorphisms on remestemcel-L distribution are unknown. Genetic
polymorphism of liver cytochromes, which play major roles in the metabolism of a wide range of
small molecule drugs, are not expected to directly impact remestemcel-L pharmacokinetics since
ce-MSCs do not undergo hepatic metabolism.
3.2

Pharmacodynamics

Culture-expanded MSCs are characterized by a unique immunological profile that underpins the
rationale for their development as an allogeneic treatment for aGVHD. Specifically, ce-MSCs
are hypoimmunogeneic, allowing their allogeneic use in patients without tissue matching with
the MSC donor or the use of immunosuppressive agents. Culture-expanded MSCs are also
characterized by immunomodulatory activity that may reduce inflammation and tissue damage in
aGVHD and thereby lead to improved clinical outcomes. Pharmacodynamic studies were
performed to characterize the immunomodulatory effects of ce-MSCs and their underlying
mechanisms in vitro, and in nonclinical in vivo test systems.
Data from multiple studies in cultures of human immune cells consistently demonstrate the
suppressive effects of ce-MSCs on activated peripheral blood lymphocytes. Culture-expanded
MSCs were shown to inhibit alloantigen- and mitogen stimulated T cell proliferation in a
dose-dependent and genetically unrestricted manner, with or without pre-treatment of ce-MSCs
with IFNγ. Culture-expanded MSCs were also shown to have immunomodulatory activity on a
range of immune cell subsets, including naïve and effector T cells, dendritic cells, and NK cells,
inducing shifts towards anti-inflammatory phenotypes and decreasing secretion of
proinflammatory cytokines. These immunomodulatory effects of ce-MSCs were attributable, at
least in part, to the release of paracrine factors, such as PGE2, which was upregulated in
ce-MSCs in response to stimulation with the proinflammatory cytokines, TNFα, and IFNγ.
Collectively, the data from these in vitro studies indicate the importance of the local
inflammatory microenvironment on the immunomodulatory activity of ce-MSCs. The data also
indicate the importance of functional receptors that enable ce-MSCs to detect and respond to
signals in their environment. Knockdown of TNFR1 expression demonstrated that TNFα
activation of remestemcel-L proceeds via NF-kB phosphorylation, and results in transcription of
gene products that act in concert to regulate macrophage and T cell function. Since TNFR1
knockdown attenuates the immunomodulatory activity of remestemcel-L, this provides evidence
that inhibitory effects of remestemcel-L on the inciting cytokine storm are at least partly
dependent on signaling through TNFR1.
These in vitro findings are in line with the in vivo immunomodulatory effects of ce-MSCs
observed in nonclinical and clinical studies. In nonclinical studies conducted by Osiris and by
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independent laboratories, ce-MSCs have been shown to attenuate T cell-driven immune
responses in a baboon model of allogeneic skin graft rejection and in murine models of GVHD
(Bartholomew et al, 2002). In mouse models of aGVHD, human ce-MSC treatment reduced
donor CD4+ T cell proliferation and decreased circulating and local levels of proinflammatory
cytokines, including TNFα and IFNγ (Auletta et al, 2015; Robles et al, 2015; Tobin et al, 2012).
In summary, data from in vitro and nonclinical studies are consistent in providing evidence of the
immunomodulatory effects of ce-MSCs on activated T cells and align with the hypothesis that
inhibition of alloreactive T cell activity by ce-MSCs is a key mechanism of action of
remestemcel-L in aGVHD.
3.3

Drug Interactions

As remestemcel-L is a cell therapy, traditional pharmacokinetic studies assessing drug-drug
interactions are not warranted. Several protocols in the development program of remestemcel-L
allowed the assessment of the impact of concomitant use of other immunomodulatory and
immunosuppressive agents on efficacy and safety in a clinical setting.
Protocol 275 included pediatric patients with SR-aGVHD who had failed multiple lines of
treatment and were treated with standard of care for aGVHD which includes corticosteroids,
immunosuppressive agents, chemotherapy, and medications for various co-morbidities based on
the physician’s discretion and institutional guidelines. Protocol 275 provided positive clinical
outcomes from both an efficacy and safety perspective, thus diminishing the possibility of a
negative interaction of concomitant medications with remestemcel-L.
Protocol 280 was a randomized placebo-controlled control study in patients with SR-aGVHD
who received remestemcel-L or placebo with concomitant second-line standard of care GVHD
treatments. This study design allowed an assessment of the impact of remestemcel-L plus
standard of care versus standard of care alone on safety and efficacy. Patients were categorized
in pre-specified subgroups based on the second-line therapy received for analyses of efficacy and
safety. Given the importance of TNFR1 expression on ce-MSCs in determining the potency of
remestemcel-L, the 2 subgroups of relevance for assessing an interaction are those defined by
exposure to an anti-TNF agent (etanercept or infliximab). Five pre-specified efficacy endpoints
were analyzed for these subgroups. Across all endpoints, no significant differences for the
comparison of remestemcel-L plus an anti-TNF agent versus placebo plus an anti-TNF were
observed. Safety analyses examined rates of adverse events reported during exposure to various
second-line agents, comparing remestemcel-L to placebo. Regardless of the second-line therapy
(including anti-TNF agents), there were no meaningful trends in the percentage of patients with
at least 1 AE overall or by System Organ Class, High-Level Term, or Preferred Term between
the remestemcel-L and placebo groups.
In summary, there was no impact of concurrent use of remestemcel-L and an anti-TNF agent on
efficacy and no safety signal related to the concurrent use of remestemcel-L and an anti-TNF
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agent was detected. No suspected drug interactions with remestemcel-L have been identified in
the clinical data acquired to date.
3.4

Immunogenicity

The immunogenicity of ce-MSCs was characterized in in vitro studies in cultures of human cells
and in nonclinical toxicology studies. In vitro data show that human ce-MSCs are characterized
by a hypo-immunogeneic phenotype; ce-MSCs are positive for major histocompatibility complex
(MHC) class I at low levels and express minimal levels of MHC class II, HLA-DR, and the costimulatory molecules cluster of differentiation 40 (CD40), CD80, and CD86, which are essential
for immune recognition.
Functionally, ce-MSCs did not elicit a proliferative response in allogeneic lymphocytes in vitro.
This failure of ce-MSCs to stimulate allogeneic T cell proliferation was not due to a deficiency
of co-stimulation or induction of tolerance and was therefore likely attributable to active
suppressive mechanisms by ce-MSC. Consistent with these in vitro characteristics, ce-MSCs
have not been observed to stimulate clinically significant immune responses following allogeneic
transplantation in in vivo toxicology studies in baboons and rats.
The humoral immune response characterization (eg, anti-drug (Donor) antibodies, anti-HLA
antibodies) were conducted in 2 clinical studies, Protocol 603/610 (Crohn’s Disease) and
Protocol 901 (T1D).
Crohn’s Disease Study Protocol 603/610
Protocol 603/610 was a Phase 3, multicenter, placebo-controlled, randomized, double-blind
study to evaluate the safety and efficacy of PROCHYMAL® (ex vivo cultured adult human
mesenchymal stem cells) intravenous infusion for the induction of remission in patients
experiencing treatment-refractory moderate-to-severe Crohn’s Disease. In Protocol 603, 32 of
the 33 patients (8 placebo, 25 remestemcel-L) underwent anti-HLA antibody testing at screening
and were all negative. Administration of remestemcel-L or placebo was twice per week for 2
weeks, occurring from Day 0 through Day 14. At Day 28, 32 (8 placebo and 14 remestemcel-L)
of the 33 patients tested had negative anti-HLA antibody test results. At Day 42, 20 patients (5
placebo and 15 remestemcel-L) had negative and 1 (remestemcel-L treated) had positive antiHLA antibody test results. At Day 56, 19 patients (5 placebo and 14 remestemcel-L) tested had
negative anti-HLA test results.
In summary, for patients treated with remestemcel-L, 24 patients at screening and Day 28, 16
patients at Day 42, and 14 patients at Day 56 were tested for anti-HLA antibodies, and only 1
patient was positive at Day 42. This patient did not have anti-HLA antibody testing at any other
time point. In Protocol 610, patients who achieved a clinical response in Protocol 603 were
re-randomized and retreated, using the same treatment regimen as Protocol 603. A total of 18
patients who were enrolled in Protocol 610 were tested and found to be negative for anti-HLA
antibodies at screening. Eleven of these 18 patients were tested and had negative anti-HLA
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antibody test results at Day 28 of Protocol 610. No positive anti-HLA test results were reported
in Protocol 610.
Type 1 Diabetes Study Protocol 901
Protocol 901 was a Phase 2, multicenter, randomized, double-blind, placebo-controlled study to
evaluate the safety and efficacy of PROCHYMAL™ (ex vivo cultured adult human
mesenchymal stem cells) for the treatment of recently diagnosed T1D. In this study, 63 patients
(42 in Prochymal and 21 in placebo groups) were tested for anti-HLA and anti-Donor (drug)
antibodies at screening, 6 months, and 1 year. The results showed that 13/42 patients in
prochymal group and 5/21 patients in the placebo group had at least 1 test positive at any time
point. Four patients in the prochymal group and 3 patients in the placebo group were positive for
anti-HLA antibodies at screening. Of the 9 patients in the prochymal group who were negative
for anti-HLA antibodies at screening but were positive at 6 months or 1 year, only 3 had antiDonor (drug) antibodies. Three of the 4 prochymal-treated patients who were already positive at
screening for anti-HLA antibodies had positive anti-Donor (drug) antibodies at 6 months or 1
year. None of the placebo patients had anti-Donor (drug) antibodies.
The AE/SAE listings were reviewed for all patients positive for anti-HLA or anti-Donor (drug)
antibodies. The AE/SAEs observed are not those usually associated with the presence of
anti-drug antibodies or related to an immunologic reaction. None of the 9 patients who tested
positive for anti-HLA antibodies after being treated with remestemcel-L (including the 3 patients
who tested positive for anti-Donor antibodies) showed any symptoms or signs of an
immunologic reaction.
Based on the findings above, the aGVHD protocols including the pivotal study MSBGVHD001
did not perform donor/recipient tissue matching (HLA Typing) or anti-HLA and anti-Donor
(drug) antibody testing. No new immunologic disorders were observed in the remestemcel-L
development program, which includes repeat exposures. There were very few infusion reactions,
and none of them were due to immunologic reactions.
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Protocol 265 was a randomized, double-blind, placebo-controlled study in patients with new
onset aGVHD. The results showed that remestemcel-L did not show a difference from placebo in
combination with corticosteroids; however, corticosteroids are typically effective in early stage
(New Onset aGVHD) disease, and the patient population is not the target population for
remestemcel-L. Subsequent development of remestemcel-L focused on SR-aGVHD.
Additionally, this study used remestemcel-L produced by the original process with lower TNFR1
potency and used a reduced dosing regimen (6 total doses over 4 weeks) compared to the dosing
regimen used in SR-aGVHD protocols (8 total doses over 4 weeks with additional treatment for
patients with incomplete response at Day 28). Therefore, this study is not considered to be
relevant to the focus of this Advisory Committee meeting to discuss remestemcel-L treatment in
steroid refractory pediatric patients with aGVHD and is not detailed in this briefing document.
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(either remestemcel-L or placebo) once per week according to the original randomization.
Patients who experienced a significant aGVHD flare (Grades B-D) after achieving a CR and
prior to Study Day 72 were retreated with remestemcel-L infusions as per the initial treatment
plan. Additional GVHD therapies were administered per institutional guidelines.
5.1.1.3 Enrollment Criteria
Key inclusion criteria were:
•

Patients with Grade B-D aGVHD who had failed to respond to steroid treatment

•

Patients were 6 months to 70 years of age, inclusive.

Key exclusion criteria were:
•

Patient had started treatment with second-line therapy > 24 hours prior to randomization.

•

Patient had received agents other than steroids for primary treatment of aGVHD.

5.1.1.4 Efficacy Endpoints
The primary efficacy endpoint was CR of ≥ 28 days duration (durable CR or DCR) within 100
days post-first infusion.
5.1.2

Study Population

5.1.2.1 Disposition
A total of 260 patients were randomized to study treatment, and 244 patients received study
treatment. 260 patients (173 in the remestemcel-L group and 87 in the placebo group) were
analyzed for the primary efficacy endpoint (Intent-To-Treat [ITT] population) and 244 patients
(163 in the remestemcel-L group and 81 in the placebo group) were analyzed for secondary and
additional efficacy endpoints (modified ITT [mITT] population) and for safety. Overall, 85.8%
of randomized patients completed the study and 14.2% were discontinued from the study.
Overall, 28 pediatric patients were randomized to the remestemcel-L (n=14, 50%) or placebo
group (n=14, 50%). In total, 25 pediatric patients (89.3%) completed the study in the
remestemcel-L (n=13, 92.9%) and placebo groups (n=12, 85.7%). Patients who died were
considered to have completed the study. A total of 10 patients (35.7%) died during the study; 5
in the remestemcel-L treatment group and 5 in the placebo treatment group.
5.1.2.2 Demographics
There were no clinically meaningful differences in baseline demographic characteristics between
the remestemcel-L and placebo groups. The mean age for all patients was 43.5 years for
remestemcel-L and 39.9 years for placebo. Of the 28 (10.8%) pediatric patients, 14 were
randomized to remestemcel-L (mean age 6.5 ± 3.8 years old, 50.0% male, and 71.4% White) and
14 were randomized to placebo (median age 9.3 ± 5.7 years old, 71.4% male, and 64.3% White).
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5.1.2.3 Disease and Transplant Characteristics
There were no significant differences in underlying malignancy or leukemic disease at
transplant, agents used for GVHD prophylaxis, donor compatibility, type of transplant, baseline
aGVHD grade, and organ staging between the treatment groups.
Among the pediatric patients, the most common underlying malignancy or leukemic disease at
transplant was “other” (genetic disease; n=14, 50%) and acute lymphocytic leukemia (ALL; n=8,
28.6%). A total of 24 (85.7%) patients received myeloablative conditioning regimen, 18 (64.3%)
patients received a cord blood transplant and 24 (85.7%) patients received a transplant from an
unrelated donor.
5.1.2.4 aGVHD Characteristics
Regarding baseline aGVHD characteristics for all patients, the most common underlying
malignancy or leukemic disease at transplant was myelodysplastic syndrome (MDS; n=32,
12.3%) and acute myeloid leukemia (AML) (n=72, 27.7%). Overall, 177 (68.1%) patients
received a myeloablative conditioning regimen, a total of 197 (75.8%) patients received a
peripheral blood stem cell (PBSC) transplant, and 152 (58.5%) patients received a transplant
from an unrelated donor. At diagnosis of SR-aGVHD, 61 (23.5%) patients had Grade B aGVHD,
138 (53.1%) had Grade C and 61 (23.5%) patients had Grade D; between the treatment groups,
the percentages of patients with Grade B or Grade C aGVHD were generally similar, but Grade
D aGVHD was more common in the remestemcel-L treatment group (47 patients; 27.%)
compared to the placebo treatment group (14 patients; 16.1%).
Among pediatric patients, at baseline (enrollment into the study), 6 (21.4%) patients had Grade B
aGVHD, 16 (57.1%) had Grade C and 6 (21.4%) patients had Grade D, and there were no
differences between treatment groups. A total of 12 (42.9%) patients had 1 organ involved, 14
(50.0%) had involvement of 2 organs and 1 (3.6%) patient had involvement in 3 organs and there
were no clinically meaningful differences in the organ stages of disease between the treatment
groups.
5.1.2.5 GVHD Treatments
Prophylactic Therapy
For all patients, the most commonly used prophylaxis therapy included tacrolimus (51.9%),
cyclosporine (46.5%), mycophenolate mofetil (34.2%), and methotrexate (34.6%), and there
were no clinically meaningful differences between treatment groups.
For pediatric patients, agents that were reported to be used for aGVHD prophylaxis were similar
for the remestemcel-L and placebo treatment groups. Overall, the most commonly used aGVHD
prophylaxis drugs were cyclosporine (75.0%), mycophenolate mofetil (46.4%), and methotrexate
(28.6%).
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5.2

Expanded Access Protocol (EAP) 275

5.2.1

Study Design

5.2.1.1 Methodology
Protocol 275 was an EAP for pediatric patients, who failed to respond to steroid treatment for
Grades B–D aGVHD. Patients were evaluated for efficacy and safety at Day 28, and until death,
withdrawal, or 100 days post-first infusion (Day 0), whichever occurred first. Additional GVHD
therapy (prophylactic and second-line treatment for aGVHD) was allowed before and
concomitant with remestemcel-L.
5.2.1.2 Treatment Regimen
5.2.1.2.1 Initial Treatment
Patients were treated with remestemcel-L twice per week for each of 4 consecutive weeks.
Patients received IV infusions of remestemcel-L at a dose of 2 × 106 cells/kg (actual body
weight). Patients were to receive all 8 infusions in the initial treatment plan by Day 28. Infusions
were administered at least 3 days apart. During the course of the patient’s treatment with
remestemcel-L, standard of care was administered at the discretion of the treating physician.
5.2.1.2.2 Continued Therapy
A therapy assessment was performed on Day 28 (± 2 days) post-first infusion in order to
determine whether continued treatment was indicated. If qualified, the patient was eligible to
receive infusions of remestemcel-L (at a dose of 2 × 106 cells/kg body weight) once per week for
an additional 4 weeks.
Eligibility for continued treatment was as follows:
•

CR: If a CR was observed, then no additional remestemcel-L infusions was administered.

•

No Response: If no response was observed, then no additional remestemcel-L infusions
were administered.

•

PR: If a PR was observed and no safety issues are attributed to remestemcel-L, patients
received continued therapy.

•

Mixed Response: If mixed response was observed and no safety issues are attributed to
remestemcel-L, patients received continued therapy.

Additional aGVHD therapies were administered in combination with the remestemcel-L
treatments as per the discretion of the treating physician.
Patients who had an aGVHD flare after achieving a CR and before Day 72 were eligible to be
treated with remestemcel-L infusions per the initial treatment plan. Additional aGVHD therapies
were administered per institutional guidelines.
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5.2.1.3 Enrollment Criteria
Key eligibility criteria included the following:
•

Patients must have been 2 months to 17 years of age, inclusive

•

Patients must have failed to respond to steroid treatment for Grades B-D aGVHD
o Failure to respond to steroid treatment for aGVHD was defined as any Grade B-D
aGVHD that was not improving after at least 3 days of methylprednisolone
(≥ 1 mg/kg/day) or equivalent.

•

Patients must not have had a known allergy to bovine or porcine products.

•

Patients must not have received a transplant for a solid tumor disease.

•

Patients must not have had evidence of a pulmonary infiltrate or diffuse alveolar
hemorrhage and must have been unlikely to require more than 2L of oxygen via face
mask or an estimated FiO2 of 28% via other delivery methods in order to sustain an
oxygen saturation of 92% during the next 3 days.

5.2.1.4 Efficacy Endpoints
The primary endpoint was the OR rate (CR or PR) to remestemcel-L at Day 28.
5.2.1.5 Statistical Analyses
The primary and secondary efficacy analyses were conducted using the efficacy population,
which included all patients in the safety population except a single 32-year old patient with a
protocol deviation who was excluded from the efficacy analysis.
The Day 28 aGVHD assessment was staged completely for all organs, and no organ stage
required imputation. A missing aGVHD assessment at a post-baseline visit was imputed with an
end-of-protocol assessment if it occurred within 3 days of the post-baseline visit date. For
patients who died before completing the Day 28 assessment, the Day 28 response was taken to
be ‘No Response’ regardless of the actual response reported on the end-of-protocol form.
Durable OR from Day 28 to Day 100 was defined as achievement of OR at both Day 28 and
Day 100. If Day 100 assessment was not available, the end-of-protocol assessment was used.
Survival was calculated from first remestemcel-L infusion to death, date of last assessment, or
date of last contact. To evaluate the effect of response on survival, Kaplan-Meier curves were
generated through Day 100 (+7 days). To limit the impact of confounding variables, all surviving
patients who have not yet been censored were censored at Day 100.
5.2.2

Study Population

5.2.2.1 Disposition
Of the 241 pediatric patients enrolled and treated in Protocol 275, 232 (96.3%) patients
completed participation in the protocol. Note that as this was an EAP providing rescue or salvage
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therapy to patients who had failed to respond to prior treatment for a potentially life-threatening
disease, patients who died during the protocol were considered to have completed the protocol.
A total 81 patients (33.6%) died during the 100-day treatment and follow-up period, including 2
deaths that occurred outside the treatment period (1 patient died on Day 141 and 1 patient died
on Day 133). The 2 patient deaths past Day 100 were identified due to site completion of the
Day 100 case report form and were included in the clinical database. None of the SAEs
associated with an outcome of death was attributed to remestemcel-L treatment by the
investigator.
Eight patients (3.3%) did not complete the protocol. Of these, 4 patients (1.7%) discontinued due
to a single SAE: recurrent ALL (1 patient), acute respiratory distress (1 patient), and aGVHD (2
patients). Three patients did not complete the protocol for other reasons: 1 patient withdrew from
the protocol because the investigator suspected respiratory distress secondary to transplant, and 2
patients withdrew transferring to palliative care. None of the reasons indicated for any of these
patients’ withdrawal or discontinuation were reported to be causally related to remestemcel-L
treatment.
5.2.2.2 Demographics
A total of 241 patients were treated, 148 of which were male (61.4%) and 93 were female
(38.6%). The age of the patients ranged from 3 months to 18.2 years, with a median age of 9.6
years (Table 25). The majority of patients were White (n=144, 59.8%) or Black (n=49, 20.3%)
and not of Hispanic or Latino ethnicity (n=188, 78.0%). The median patient weight was 29.4 kg
with a range of 5.4 kg to 116.9 kg.
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Figure 17:
EAP 275: Kaplan-Meier Plot of Day 100 Survival from Start of Infusion by
Baseline aGVHD Grade (Efficacy Population)

Source: Protocol 275 CSR Figure 2A.
Abbreviation: aGVHD=acute Graft Versus Host Disease.
Survival days are from first dose date to death date or last contact date.
Patients who survived to Day 100 or who dropped out of the protocol prior to Day 100 were censored.

5.2.4

Relevance of Protocol 275 Results for Subsequent Clinical Program

The subsequent clinical development program involving Studies GVHD001/002 was initiated
following consistent and clinically significant findings from EAP 275 in 241 pediatric patients
with SR-aGVHD.
Specifically, EAP 275 showed efficacy of remestemcel-L when used as salvage therapy for
children with predominantly severe SR-aGVHD who had failed to respond to multiple lines of
additional therapy.
5.3
5.3.1

Study GVHD001/002
Study GVHD001/002 Design

Study GVHD001 was a Phase 3, multicenter, single-arm, open-label trial to evaluate efficacy and
safety of remestemcel-L in pediatric patients with aGVHD who had failed to respond to systemic
steroid treatment (Figure 18). Study GVHD001 was conducted as a single-arm study due to the
seriousness of the condition, the rapid clinical deterioration of affected patients, the mounting
literature suggesting a meaningful treatment effect, and the position in the medical community
that a randomized controlled trial was neither feasible nor ethical in this patient population.
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Study GVHD002 was a Phase 3, 180-day safety follow-up of GVHD001 that also evaluated
survival.
Figure 18:

Study GVHD001/002 Design

Abbreviations: aGVHD=acute Graft Versus Host Disease; CR=complete response; MR=mixed response; PR=partial response;
Tx=treatment.

5.3.1.1 Enrollment Criteria
5.3.1.1.1 GVHD001 Eligibility Criteria
Key inclusion criteria were:
•

Patient was diagnosed with Grade B-D aGVHD requiring corticosteroid systemic
therapy. The patient may have Grade C or D aGVHD involving the skin, liver, and/or GI
tract or may have Grade B aGVHD involving the liver and/or GI tract, with or without
concomitant skin disease. Acute GVHD is defined as the presence of skin rash and/or
persistent nausea, vomiting, and/or diarrhea and/or cholestasis presenting in a context in
which aGVHD is likely to occur and where other etiologies such as drug rash, enteric
infection, or hepatotoxic syndromes are unlikely or have been ruled out.

•

Patient was 2 months to 17 years of age, inclusive.

•

Patient failed to respond to steroid treatment, with failure to respond defined as
progression within 3 days, or no improvement within 7 consecutive days, of treatment
with 2 mg/kg/day methylprednisolone or equivalent.

Key exclusion criteria were:
•

Patient has Grade B aGVHD with skin-only involvement.

•

Patient has received any second-line therapy to treat aGVHD prior to screening.
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•

Patient has received systemic agents other than steroids and prophylactic agents for
primary treatment of aGVHD.

5.3.1.1.2 GVHD002 Eligibility Criteria
Patients could be included in GVHD002 if they had participated in Study GVHD001 and
received at least 1 infusion of remestemcel-L.
5.3.1.2 Treatment Regimen
5.3.1.2.1 GVHD001 Remestemcel-L Treatment Plan
Remestemcel-L was administered to patients at a dose of 2 × 106 cells/kg by intravenous
administration. Enrolled patients received initial therapy twice per week for 4 weeks.
Eligible patients (those with PR or mixed response based on the Day 28 therapy assessment)
received an additional 4, once-weekly infusions of remestemcel-L at the initial therapy dose of 2
×106 cells/kg actual body weight at screening, which began within 1 week after the Day 28
assessment. No additional treatment with remestemcel-L was allowed at any other point in time
unless the criteria for GVHD flare were met.
A GVHD flare was defined as any increase in aGVHD symptoms (measured by GVHD Grades
B-D) beyond 28 days post-first remestemcel-L infusion, subsequent to achieving a CR to initial
therapy, or beyond Day 56 after achieving a CR to continued therapy. Flare therapy must also
have been started before Day 70. If a patient had begun other second-line GVHD therapy, he or
she was ineligible to receive any further remestemcel-L therapy upon receiving the other
second-line GVHD therapy. Patients were eligible for a single treatment course for flare.
Patients were permitted to continue treatment with a stable dose of systemic steroid therapy until
they could be tapered following initiation of remestemcel-L (Day 0). Patients were also
permitted to continue any prior therapy used for prophylaxis at a stable regimen from baseline.
No other GVHD medications were to be introduced to patients during the initial 28 days postremestemcel-L administration unless disease had progressed.
If a patient began other second-line GVHD therapy within the periods of initial therapy and
continued therapy (through Day 56, if applicable), he or she would be considered to have
experienced treatment failure and was ineligible to receive any further remestemcel-L therapy.
However, these patients remained in the study for follow-up.
5.3.1.2.2 GVHD002 Concomitant GVHD Therapy
Patients were permitted to continue treatment with systemic steroid therapy and receive any
second-line therapy as necessary at the discretion of the investigator and per institutional
guidelines.
5.3.1.3 Efficacy Endpoints
The efficacy endpoints included the following:
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•

Primary Endpoint: rate of OR, defined as CR or PR in the study population at Day 28
post-initiation of treatment with remestemcel-L

•

Response by baseline IBMTR aGVHD grade

•

Duration of Day 28 OR

•

OS through Day 180

5.3.1.4 Statistical Analyses
5.3.1.4.1 Primary Efficacy Analyses
The primary efficacy endpoint for GVHD001 was the rate of OR, defined as CR or PR, at
Day 28 post-initiation of remestemcel-L therapy. The following rules were applied to derive OR
at Day 28:
•

If a patient died before Day 28 or if additional second-line treatment was required before
Day 28, then the Day 28 response was taken to be “No Response” regardless of the actual
response reported on the GVHD assessment form.

•

Missing data for the primary endpoint (OR at Day 28), including missing assessments
and missing staging data for any organ, were imputed as “Non-responder.”

A sensitivity, or supportive, analysis included all treated patients from the modified Full
Analysis Set (mFAS) population.
5.3.1.4.2 Calculation of Null Hypothesis and Determination of Sample Size
For establishing the statistical evidence of a treatment effect, a historical control response rate
was constructed for the purpose of sample size calculations and hypothesis testing.
Based on results from EAP 275 it was assumed a minimum Day 28 overall response rate (ORR)
of 65%. It was also assumed a clinically meaningful effect of 20% absolute improvement in
Day 28 OR. This resulted in a null hypothesis of 45%. This assumption was justified as follows.
1. In the control arm of Protocol 280, there was a Day 28 ORR of 54% overall and 36% in
the 14 pediatric patients. Due to the small sample size, it was uncertain whether the
pediatric results alone would be sufficient to properly power the study. It was also not
certain that pediatric and adult responses should be expected to vary significantly.
2. Further, control response rates in Protocol 280 differed significantly by disease risk status
(MacMillan et al, 2012): 37% (16/43) of patients with high-risk disease responded at
Day 28 compared to 74% (28/38) of patients with standard-risk disease. However,
response rates in the remestemcel-L arm did not vary by disease risk: Day 28 ORR was
58% for high-risk and 59% for standard-risk disease. This finding showed that the
hypothesized control response rate would need to be estimated using risk-adjustment
methods.

___________________________________________
Page 95 of 127

remestemcel-L
MESOBLAST

FDA Advisory Committee
13 August 2020

__________________________________________
3. In EAP 275, it was found that at least 75% of patients had either severe disease (IBMTR
Grade C/D) or high-risk disease (MacMillan et al, 2015). Therefore, it was assumed that
at least 75% of patients enrolled in GVHD001 would have severe disease.
4. Risk adjusting the Day 28 ORR observed in Protocol 280 control patients by a 3:1 ratio
(ie, 75% high-risk) results in a risk-adjusted control response rate of 46% (for a study
with approximately 60 hypothetical control patients with 75% high-risk patients: 45 x
0.37 observed ORR high-risk + 15 x 0.74 observed ORR standard=16.65 +
11.1=27.75/60=46%).
5. Finally, referencing published literature (Martin et al, 2012b), it was found that for 5
studies that treated 143 patients with a variety of second-line therapies, and that reported
Day 28 ORR as the primary efficacy endpoint, Day 28 ORR was 52% (75/143).
Together, these results suggest that the hypothetical control Day 28 ORR could be as low as the
36% observed in the Protocol 280 pediatric controls (n=14), or as high as the 52% observed in
published literature (n=143 in 5 studies). It was determined that the most reliable estimate was
the risk-adjusted estimate from the full control arm of Protocol 280, or 46%, providing
confidence that the 45% null hypothesis was reasonable. Subsequent to completion of Study
GVHD001/002, additional information is now available that confirms not only the original
assumption of a 45% control Day 28 ORR, but also the original assumption that the control
response rate should be adjusted for disease risk or severity.
First, data obtained from the MAGIC Consortium on pediatric and adult patients treated with a
variety of second-line agents for SR-aGVHD shows that Day 28 ORR was 43% in the 30
pediatric patients and 35% in the 95 adult patients (see Section 5.3.4.1 for full details).
Additionally, the recently approved treatment for SR-aGVHD, ruxolitinib, showed significantly
poorer Day 28 OR in patients with severe disease (Glucksberg Grade III/IV) compared to those
with non-severe disease. Though the overall Day 28 ORR was 55%, it was 44.4%, 40.7% and
100% in Grades IV, III, and II, respectively (Jakafi prescribing information, 2020).
Sample size for GVHD001 was determined using a normal approximation to the binomial
distribution under the assumption of a 2-sided test of significance level 5% for a single
proportion and a difference in proportion of 20%. This was equivalent to 1-sided testing at 2.5%
of the null hypothesis that the Day 28 OR rate is at most, 45%, versus the alternative hypothesis
that the Day 28 OR rate is 65% or greater. The minimum sample size required to meet the
primary objective with 80% power was 48 for the FAS population. To account for potential
dropouts/missing data and to ensure that this study has sufficient power, an additional increased
enrollment of up to 10% of the minimum required enrollment (48) was planned.
5.3.2

Study GVHD001/002 Population

5.3.2.1 Disposition: GVHD001/002
Patient disposition for Study GVHD001/002 is presented graphically in Figure 19.
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Fifty-five patients were enrolled in Study GVHD001, 54 patients received remestemcel-L
(1 patient’s condition worsened before receiving remestemcel-L and could not be infused), and
40 patients (74.1%) completed the study (Day 100). Thirty-two of the 40 eligible patients from
Study GVHD001 enrolled in Study 002, and 97% completed to Day 180. Vital status was
obtained for all but 2 of the 54 patients treated in Study GVHD001.
Figure 19:

Study GVHD001/002 Patient Disposition

*Withdrew from study, vital status collected – reported death before Day 100
**Did not enroll (n=8); 4 did not consent, 2 sites did not have IRB approval, 1 moved out of state, and 1 per sponsor’s decision
Abbreviations: AE=adverse event; IRB=Institutional Review Board.

5.3.2.2 Demographics: GVHD001/002
Table 30 shows baseline demographics for patients in Study GVHD001/002. Thirty-five of the
patients (65%) were male, and 30 patients (56%) were White. Patients ranged in age from 0.7 to
18 years. Thirty-six of the 54 patients in the study underwent an HSCT as treatment for a
hematologic malignancy.
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response. Biomarkers were measured in plasma and whole blood samples collected prior to
treatment with remestemcel-L and at Days 28, 100, 160 and 180 following first infusion.
Biomarkers included soluble factors involved in GVHD processes and/or demonstrated to have
diagnostic, prognostic and monitoring value (IL-2Rα, TNFR1, interleukin-8, hepatocyte growth
factor, elafin, regenerating islet-derived protein 3α [REG3α], suppressor of tumorigenicity 2
[ST2]), as well as immune cell subsets (lymphocytes, T cells, B cells and NK cells), activated T
cells and regulatory T cells) (Aggarwal & Pittenger, 2005; Beres & Drobyski, 2013; Ferrara et al,
2011; Levine et al, 2012; Luft et al, 2007; Paczesny et al, 2009; Paz Morante et al, 2006;). In
addition, MAGIC biomarker scores (MBS) were determined. The MBS is a validated biomarker
that estimates the risk of 6-month non-relapse mortality for individual patients during the course
of HSCT and in early stages of aGVHD (Hartwell et al, 2018; Levine et al, 2015;
Major-Monfried et al, 2018). The MBS is determined using an algorithm using ST2 and REG3α.
Circulating levels of activated T cells (CD3+CD4+HLA-DR+ and CD3+CD8+HLA-DR+),
declined from baseline to Day 28, the period of initial treatment with remestemcel-L (Figure 20).
Reductions in the levels of activated T cells during initial treatment with ce-MSCs were
associated with decreasing ST2 levels and MBS (Figure 21). Circulating levels of soluble ST2,
the major component of the MBS, correlate with lower GI damage, which causes systemic
inflammation and is a key driver of mortality in aGVHD (Castilla-Llorente et al, 2014; Hill &
Ferrara, 2000). The observed reductions in soluble ST2 and MBS represent clinically significant
changes, signaling attenuation of GI injury as well as lowering of the risk of 6-month non-relapse
mortality.
Following exposure to ce-MSCs, there were several significant delayed (post-Day 28) changes in
biomarkers levels. ST2 and MBS levels continued to decrease through Day 180. T cell and B cell
numbers increased from Day 28 through Day 180, suggesting that remestemcel-L treatment does
not inhibit long-term graft reconstitution of lymphocytes and thereby potentially impair
protection against viral and bacterial infection. From Day 100 onwards, there was a decrease in
levels of soluble TNFR1, which has been shown to be a biomarker of GVHD both before and
after treatment (Kitko et al, 2008). Notably, the observed reduction in activated T cell numbers
from baseline to Day 28 was durable in Day 28 responders, with further decline through
Day 180. In contrast, expansion of the anti-inflammatory regulatory T cell compartment was
observed in Day 28 responders from Day 28 through Day 180.
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Figure 20: Study GVHD001/002: Reduction in Activated T Cell Levels in Biomarker
Substudy

Figure 21:
Study GVHD001/002: Suppressor of Tumorigenicity 2 (ST2) and MAGIC
Biomarker Score (MBS) in Biomarker Substudy

Note: The dotted line shows the threshold (0.29) that separates GVHD patients at low risk (below the line) and high risk (above
the line) for Day 180 non-relapse mortality.

In summary, reductions in the frequency of activated T cells tracked with decreases in ST2 levels
and MBS, indicating attenuation of GI injury and the risk of 6-month non-relapse mortality.
Following therapy with remestemcel-L, the reduction in activated T cell numbers was durable in
Day 28 responders, with further decline through Day 180. Conversely, an expansion of the
regulatory T cell compartment was observed in Day 28 responders over this period. Thus, the
biomarker changes observed during exposure to initial treatment with remestemcel-L provide
evidence of immunomodulation and clinical risk reduction, and those observed during posttreatment follow-up are indicative of durable shifts towards a more tolerogenic profile in patients
who responded to treatment.
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5.5

Efficacy Conclusions

Results from analyses presented in this briefing document demonstrate significant and clinically
meaningful efficacy of remestemcel-L treatment of pediatric patients with SR-aGVHD, as
measured by clinical response and survival. Throughout development, learnings from each
protocol provided critical insights to inform the design of Pivotal Study GVHD001 regarding
dose, severity, target population, and line of therapy.
In Protocol 280, although the primary endpoint of DCR was not met, post hoc analyses of
Day 28 OR in patients with severe disease (Grade C/D) showed improved responses vs. the
control group (61% vs. 50% in Grade C/D disease). An analysis of pediatric patients (n=14)
demonstrated a higher Day 28 OR with remestemcel-L of 64% (9/14) vs the control group, 36%
(5/14). While these were post hoc analyses and the pediatric cohort was small, results suggested
a potential signal in severe patients overall that was consistent in children.
In EAP 275, a relatively large ‘real-world’ population of 241 children with SR-aGVHD who had
failed to respond to systemic corticosteroids and multiple lines of treatment responded to
remestemcel-L. The Day 28 OR with remestemcel-L was 65% and Day 100 survival was 66% in
this group of children with highly refractory disease. Taken together, Protocol 280 and EAP 275
suggested that children with SR-aGVHD, including those with severe disease, would likely
respond to remestemcel-L at the doses given and informed the design of the pivotal study.
In Pivotal Study GVHD001, patients with predominately severe disease (89% Grade C/D) who
were refractory to steroids only were treated with remestemcel-L and Day 28 OR was 70%.
Reponses were consistent across disease severity, including Grades C/D where other treatments
often fail. OS was 74% at Day 100 and 69% at Day 180. These clinically meaningful results
were consistent with EAP 275, show the robust efficacy of remestemcel-L in the target
population of children with SR-aGVHD, and were consistent with the optimization of the
manufacturing process resulting in increased potency of the product.
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was likely caused by cyclosporine and resolved following a switch to tacrolimus. The other case
of PRES resolved within 4 days of onset in an 8-year-old Asian male with ongoing atypical
hemolytic uremic syndrome.
6.4
6.4.1

Other Safety Observations
Vital Signs

There were no obvious, clinically meaningful changes in vital signs by study visit that were not
otherwise captured as AEs in pediatric SR-aGVHD patients or any of the other cohorts. No
obvious differences in vital signs by dose or by cumulative dose were identified.
6.4.2

Laboratory Values

No substantial changes from baseline in summary statistics for any of the chemistry test
parameters were seen through Day 180. Among patients with available data who participated in
GVHD001, there was a modest decrease in median lymphocyte count through Day 100 and a
modest decrease in median neutrophil count at Day 28; however, the median neutrophil count
returned to baseline by Day 100. Among patients with available data who participated in
GVHD002, there were decreases from baseline in median total leukocyte, lymphocyte, and
neutrophil counts at Day 180.
6.4.3

Long-Term Safety

Importantly, there was no indication of long-term risks with remestemcel-L in patients followed
for 180 days. Specifically, there were no new malignancies associated with remestemcel-L
treatment, and the incidence of relapse was comparable between remestemcel-L treated patients
and controls.
6.5

Safety Conclusions

Based on its mechanism of action and the safety data presented in this application for patients
with SR-aGVHD, remestemcel-L exhibits a favorable safety profile when compared to currently
available therapies, nearly all of which are used “off-label” for the treatment of aGVHD. In
contrast to largely global and nonspecific effects of these therapies, remestemcel-L has
multimodal and modulatory effects. Global immunosuppression, often observed with steroids
and other available therapies, was not seen in remestemcel-L immunotoxicology studies.
In addition to its superior safety profile compared to other treatments for SR-aGVHD,
remestemcel-L exhibited comparable safety relative to controls in patients with AMI, COPD,
T1D, and Crohn’s Disease. Finally, no clinically meaningful long-term safety risks have been
identified with remestemcel-L.
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7

BENEFIT-RISK CONCLUSIONS

SR-aGVHD is a serious and life-threatening complication of HSCT and represents a clear unmet
medical need. Currently there are no approved treatments for SR-aGVHD in patients under the
age of 12 and only 1 approved treatment for patients above the age of 12. Patients with severe
aGVHD who fail to respond to first-line steroid therapy (ie, SR-aGVHD) have the highest risk of
treatment failure with high transplant-related mortality rates. Remestemcel-L was developed to
address the need for effective aGVHD treatments that do not further compromise the immune
status of children who have received a bone marrow transplant.
Remestemcel-L demonstrated clinically meaningful efficacy in a critically ill population of
children with SR-aGVHD. In Pivotal Study GVHD001, the Day 28 OR of 69% was greater than
the 45% hypothesized control rate, which was consistent with the MAGIC control cohort.
Day 100 OS was 74% and Day 180 OS was 69%. These clinically meaningful benefits were
consistent across disease severity, including in patients with the most severe disease where other
therapies have limited efficacy. These results are supported by EAP 275, which showed efficacy
in a highly refractory “real-world” population of children with severe aGVHD.
Remestemcel-L was well tolerated with a favorable safety profile compared to currently
available therapies. The most frequently reported AEs in Study GVHD001 were those commonly
seen in the pediatric SR-aGVHD population, such as infections, GI disorders, and respiratory
complications.
The demonstrated efficacy and favorable safety profile of remestemcel-L address a significant
unmet medical need in pediatric SR-aGVHD patients, especially in children under the age of 12
years old. Considered in the context of a serious condition for which currently available
treatments have limitations, the totality of evidence substantiates the highly favorable clinical
benefit-risk profile for remestemcel-L in the treatment of pediatric patients with SR-aGVHD.
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