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Abstract

Background—The T cell suppressive property of bone marrow derived mesenchymal stromal 

cells (MSCs) has been considered a major mode of action and basis for their utilization in a 

number of human clinical trials. However, there is no well-established reproducible assay to 

measure MSC-mediated T cell suppression.

Methods—At the University of Wisconsin-Madison Production Assistance for Cellular Therapy 

(PACT) Center we developed an in vitro quality control T cell suppression immunopotency assay 

(IPA) which utilizes anti-CD3 and anti-CD28 antibodies to stimulate T cell proliferation. We 

measured MSC-induced suppression of CD4+ T cell proliferation at various effector to target cell 

ratios using defined peripheral blood mononuclear cells and in parallel compared to a reference 

standard MSC product. We calculated an IPA value for suppression of CD4+ T cells for each 

MSC product.

Results—Eleven MSC products generated at three independent PACT centers were evaluated for 

cell surface phenotypic markers and T cell suppressive properties. Flow cytometry results 

demonstrated typical MSC cell surface marker profiles. There was significant variability in the 
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level of suppression of T cell proliferation with IPA values ranging from 27% to 88%. However, 

MSC suppression did not correlate with HLA-DR expression.

Discussion—We have developed a reproducible immunopotency assay to measure allogeneic 

MSC-mediated suppression of CD4+ T cells. Additional studies may be warranted to determine 

how these in vitro assay results may correlate with other immunomodulatory properties of MSCs, 

in addition to evaluating the ability of this assay to predict in vivo efficacy.
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Introduction

Mesenchymal stromal cells (MSCs) are fibroblast-like cells that were originally discovered 

from bone marrow of rodents by Friedenstein and defined based on their osteogenic and 

hematopoietic supportive potential, but later they were derived from nonhematopoietic cell 

component of bone marrow from many other species including humans (1-6). These cells 

are now commonly defined by a certain cell surface expression profile and their 

multipotency, i.e. their ability to differentiate into bone, fat and cartilage lineages in in vitro 

assays (7-10). Bone marrow MSCs, or their derivatives, in their in situ niche are believed to 

be a major component of the microenvironmental stroma supporting hematopoiesis (11). 

However, it has also been shown that culture expanded MSCs could suppress or modulate 

immune responses via interaction with many different types of innate and adaptive immune 

cells. These include the suppression of T cell proliferation and their effector functions, 

modulation of B cell activity and immunoglobulin production, and changing the 

immunophenotype of monocytes and macrophages to name a few (12-18). Based on this 

wide range of immunomodulatory properties and the fact that MSC may be 

immunoprivileged across HLA barriers (19, 20), they have been investigated as a promising 

therapy for a wide range of immune mediated disorders. Indeed, initial safety and potential 

efficacy of MSCs has been demonstrated in graft versus host disease, autoimmune disorders, 

and solid organ transplantation among others (21-23).

As with many cellular therapies, MSC products are susceptible to inherent genotypic and 

phenotypic heterogeneity as a result of differences between donors and tissue sources 

(24-26). Lack of cell product consistency is also further amplified due to the lack of 

standardization of ex vivo expansion and cell manufacturing methods (27-30). As a result, 

cellular products generated for each clinical study are likely to have differences in their 

biological properties with the potential for significant product-to-product variability (31). 

Furthermore, MSCs are highly reactive cells whose immunodulatory function may depend 

on the degree of inflammation present in any given in vivo environment (32-34). Thus, it is 

reasonable to anticipate that different preparations of MSCs exert various degrees of 

immunomodulation in diverse patient populations and clinical indications (34, 35).

Another major challenge of defining MSC product consistency is the fact that clinical 

investigators utilize different assays and assay platforms to measure and report 

immunosuppressive or other properties of their MSC product (36, 37). A popular assay 
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format widely used is based on mixed lymphocyte reaction (MLR) assays that measure 

specific immunosuppressive effect of MSCs on allogeneic T cell populations that are 

activated in the MLR reaction (38). Many of these challenges could be minimized or 

eliminated if an assay was developed to reproducibly measure a relevant immunomodulatory 

or other functional property of MSCs (39). It should be noted that since MSCs could be used 

for different clinical indications based on a single or a combination of functions, it may be 

impractical to anticipate that a single assay would be sufficient to elucidate the plethora of in 

vivo functions exerted by MSC (16).

Several NHLBI-supported Production Assistance for Cellular Therapy (PACT) centers 

produce clinical-grade MSC products for a variety of clinical indications (40, 41). These 

MSC products have been generated using different methodologies adopted and optimized at 

each PACT Center. We initiated this multicenter project with the goal of developing a 

standardized immunopotency assay (IPA) to be used to further characterize MSC products 

and reproducibly measure the ability of MSCs to suppress T cell proliferation, as an 

intended mechanism of action for treatment of immune disorders such as graft versus host 

disease (21), Crohn’s disease (42), multiple sclerosis (43) and systemic lupus erythematosus 

(44).

Materials and Methods

MSC Isolation and Culture Methodology

A summary of the MSC product manufacturing methodologies are briefly described below 

and a direct side-by-side comparison is provided in Table 1.

PACT Center-1—Fresh 100 mL bone marrow-aspirates were collected from healthy 

donors in accordance with approved IRB protocols. Bone marrow aspirate peripheral blood 

mononuclear cells (PBMCs) were isolated using standard Ficoll separation (GE healthcare 

Bio-Sciences, Piscataway, NJ) and red blood cell (RBC) lysis (Sigma-Aldrich, St. Louis, 

MO) methods before seeding T-225 cm2 culture flasks (Corning, Lowell, MA). PBMCs 

were plated at 5 × 104 cells/cm2 and grown in alpha-MEM (Mediatech, Manassas, VA) 

supplemented with 10% FBS (Life Technologies, Grand Island, NY) and 1x GlutaMax (Life 

Technologies). Approximately half of the culture media was replaced with fresh media on 

day 1 post-seed, to selectively remove non-adherent cells; cultures were then fed every 2 to 

4 days (replaced full media volume) and allowed to grow to 80-90% confluence before each 

passage. A Master Cell Bank (MCB) was generated at passage 2 (P2) and were frozen using 

10% Dimethyl sulfoxide (DMSO, Sigma-Aldrich). The final MSC product was produced by 

thawing and expanding the P2 MCB to passage 5 (P5) in Cell Factories (Nunc, Thermo 

Scientific, Waltham, MA). The MSC seeding density into Cell Factories was 2-3 × 103 

cells/cm2 and passaged using TrypLE Select (Life Technologies). MSCs were fed every 2-4 

days until reaching 80-90% confluence. MSCs were cryopreserved using Plasma-Lyte A 

(Baxter, Deerfield, IL) containing 2.5% DMSO and 5% Human Serum Albumin (HSA) 

(Baxter).

PACT Center-2—Fresh 25 mL bone marrow-aspirates were collected from healthy donors 

in accordance with approved IRB protocols. All 25 mL of unfractionated bone marrow-
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aspirate containing PBMCs was seeded into the Quantum bioreactor (Terumo BCT, 

Lakewood, CO). Unattached cells were removed after 24 hours and DMEM (Lonza, 

Walkersville, MD), 5% human platelet lysate was prepared from expired platelet packs 

(Gulf Coast Regional Blood Center), 2mM GlutaMax (Life Technologies, Grand Island, 

NY), 10mM N-acetylcysteine (Roxane, Columbus, OH), 2 IU/mL heparin (APP-Fresenius, 

Schaumburg, IL) medium was perfused through the system. Lactate measurements were 

obtained daily and when the level reached 4mM the perfusion rate was doubled until flow 

rate reached 0.4mL/min and the lactate was at 4mM, at which point the cells were harvested 

using TrypLE Select (Life Technologies). MSCs were then cryopreserved in Plasma-Lyte A 

(Baxter, Deerfield, IL) containing 10% DMSO (Bioniche Pharma, Lake Forest, IL) and 5% 

HSA (Baxter).

PACT Center-3—Fresh 100 mL bone marrow aspirates were collected from healthy 

donors in accordance with approved IRB protocols. Twenty-five (25 mL) aliquots of bone 

marrow-aspirate, either fresh or frozen, containing PBMCs was seeded at 1.0-1.5 × 105 

cells/cm2 in an appropriately sized T-flask (Thermo Scientific, Waltham, MA) after density 

gradient separation of MNC. Media consisted of alpha-MEM (Life Technologies, Grand 

Island, NY) containing 16.5% FBS (Thermo Scientific) and 1× Glutamax (Life 

Technologies). On days one and two, non-adherent cells were removed as spent media was 

replaced with fresh media. Media was exchanged every 2-4 days until 70-80% confluence 

was reached between 7 and 10 days. Cells were detached and used to seed a cell factory at 

40-50 cells/cm2. Media in the cell factory was replenished every 2 to 4 days over the next 7 

to 12 days. On day 18 to 21 when the cultures reached 70-80% confluence, cells were 

harvested and cryopreserved in Plasma-Lyte A (Baxter, Deerfield, IL) containing 12.5% 

HSA (Baxter) and 10% DMSO (Bioniche Pharma, Casla Co., Galway, Ireland).

PBMC Isolation and Cryopreservation

Leukapheresis products collected from different normal healthy donors were purchased from 

SeraCare Life Sciences (Milford, MA). After Ficoll separation, between 4 and 5 × 109 

PBMCs were recovered from each of the two leukapheresis products designated as 

leukopack 4 (LPK4) and leukopack 6 (LPK6). PBMCs from each leukopack were then 

cryopreserved at 1 × 107 cells/vial using 90% FBS (Atlanta Biologics, Atlanta, GA) and 

10% DMSO (Sigma-Aldrich, St. Louis, MO) and stored in vapor phase LN2 before use in 

this assay.

Immunopotency Assay

The immunopotency assay (IPA) was established using a 48 well tissue culture plate with a 

total IPA medium volume of 400 ul per well. MSCs and PBMCs, as well as anti-CD3 and 

anti-CD28 antibodies (clones UCHT1 and 37407, respectively) (R&D Systems, Inc., 

Minneapolis, MN), were all prepared in IPA medium consisting of RPMI-1640 containing 

10% heat inactivated FBS, 1× non-essential amino acids (NEAA) (Mediatech, Inc., 

Manassas, VA), 1× Glutamine (Mediatech, Inc.), 1X Na Pyruvate (Sigma-Aldrich), and 1× 

HEPES buffer (Sigma-Aldrich,, St. Louis, MO). Preparation of MSCs for this assay 

included a thaw, wash, and re-suspension at 4 × 106/mL. To eliminate the confounding 

factor of their proliferative potential in this evaluation, MSCs were gamma irradiated using 
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21 Gy before being plated. For a 1:1 (PBMC:MSC) ratio, 4 × 105 MSCs (100ul) were plated 

and then titrated further to 2 ×104 to achieve a 1:0.05 (PBMC:MSC) ratio. To establish a 

reliable gating strategy, we used a non-stimulated control consisting of a 1:0.05 

PBMC:MSC cell ratio without the addition of anti-CD3 and anti-CD28. T cells in these non-

stimulated control wells did not proliferate yet their survival was maintained by the presence 

of MSCs. In no instance did MSCs induce T cell proliferation without the addition of anti-

CD3 and anti-CD28 antibodies which demonstrates the robustness of this as a negative 

control. The stimulated PBMC to MSC ratios that were evaluated in this assay include 1:0, 

1:1, 1:0.5, 1:0.2, 1:0.1, and 1:0.05. The volume of MSCs was held constant at 200 ul/well 

using IPA medium. After plating, the cells were allowed to settle and adhere to the plastic 

for 2 hours at 37 °C. To measure proliferation, PBMCs from a single LPK were labeled with 

carboxyfluoroscein succinate-ester (CFSE) at a final concentration of 1uM for 10 minutes, at 

37 °C in the dark, mixing at the 5 minute time point to ensure homogeneous labeling. An 

equal volume of cold FBS was added for 1 minute to stop the CFSE labeling reaction. 

PBMCs were then washed twice with IPA medium as defined above before reconstitution at 

4 × 106/mL. One hundred microliters of CFSE-labeled PBMCs was added to each well 

containing MSCs. Every assay included a MSC only control. A 100 ul mixture of 4× 

concentrated anti-huCD3 and anti-huCD28 antibodies (10 ug/mL and 2 ug/mL, respectively) 

was added to each well except for the 1:0.05 (PBMC:MSC) non-stimulated control which 

received 100ul of IPA media instead. Cells were cultured for 4 days at 37 °C before the 

CD4+ T cells were analyzed for proliferation using standard flow cytometry methodology. 

Anti-huCD4 APC (R&D Systems, Inc.) was used to gate the CD4+ T cells. All IPA analyses 

were performed using an Accuri C6 flow cytometer (BD Biosciences, Inc., San Jose, CA) 

and the associated C6 Plus software was used for the CFSE analysis. Flow cytometry gating 

strategies are shown in Figure 1 (Results Section).

sIL-2R ELISA

The IPA assay was set up as described above. After 4 days, culture supernatants were 

carefully removed from each well and frozen at −20 °C for future soluble interleukin-2 

receptor (sIL-2R) analysis. On the day of analysis, supernatants were thawed on ice for use 

in a human sIL-2R enzyme-linked immunosorbent assay (ELISA). A Platinum sandwich 

ELISA kit (eBioscience, Inc., San Diego, CA) was used to quantify sIL-2R levels. 

Absorbance was measured at 450 nm on an Epoch plate reader (BioTek, Inc., Winooski, 

VT) and analyzed using Gen5 software (Biotek, Inc.).

Flow Cytometry for MSC Markers

An eight-color flow cytometry panel for cell surface markers of MSC products was 

performed using a FACS Aria (BD Biosciences, Inc., San Jose, CA) flow cytometer. 

Antibodies specific for human CD14, CD19, CD34, CD45, CD73, CD90, CD105, HLA-

Class I and HLA-DR were all purchased from BD Biosciences. To better assess assay 

variability, all assays included the use of a UW MSC reference standard (RSP5). All flow 

analysis was evaluated using the FlowJo software (Tree Star Inc., Ashland, OR).
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Determination of the IPA Suppression Value

The IPA value (IPAv) is calculated as the mean ‘white space’ of the titration curve. Each 

MSC product was tested at five different titrations/ratios to render a titration curve which 

was used to calculate a single value for each curve (see formula below). This was achieved 

by determining the suppression value (Sv) for each ratio. To calculate the Sv, the percent 

proliferation of stimulated T cells (PT) in the presence of MSCs (M) is divided by the 

percent proliferation of stimulated T cells without MSCs which is then multiplied by 100. 

This number is then subtracted from 100. The Sv is determined for all titrations. The sum of 

all suppression values is then divided by the total number of titrations (nt). The resulting 

‘mean suppression value’ is a number designated as the IPAv.

Results

MSC Potency Assay for Suppression of CD4+ Proliferation

The IPA measures the suppression of CD4+ T cell proliferation via flow cytometry, using 

the tracking dye CFSE in conjunction with an anti-CD4 APC-labeled antibody. The gating 

strategy for CD4+ T cell proliferation of a representative IPA, using the reference standard 

BM-MSC product RSP5, is depicted in Figure 1. Assay co-cultures were allowed to incubate 

for four days before harvesting. Cells were then labeled with an anti-huCD4 APC antibody 

in order to assess proliferation of the CD4+ T cell subset by loss of CFSE intensity (45). At 

the 1:0 (PBMC:MSC) ratio (no MSCs to suppress proliferation) proliferation was measured 

to be 84%, whereas at the 1:1 ratio proliferation was suppressed to 2%. At the same time, 

CD4+ T cell proliferation was recovered as the numbers of MSCs were titrated down. For 

example, at the ratio of 1:0.1 (PBMC:MSC) CD4+ T cell proliferation was 34% or 60% T 

cell suppression (relative to the stimulated T cell proliferation of 84% at the 1:0 ratio).

The IPA is highly reproducible, both within a single assay as well as between assay runs. 

Figure 2a shows the results of MSC reference standard RSP5 used to suppress the 

proliferation of T cells from two different apheresis donors, LPK1 and LPK2. All titrations 

were performed in duplicate and replicate assays were performed on three different days. At 

the 1:0 (PBMC:MSC) ratio, total CD4+ proliferation was approximately 60% with minimal 

standard error. For the reference standard, suppression was >95% for 1:1 and 1:0.5 ratios, 

again with a standard error of <1%. As RSP5 MSCs are titrated, proliferation capabilities are 

regained but usually do not exceed the level of the 1:0 ratio. Occasionally, however, 

proliferation at the lower 1:0.05 ratio can exceed the proliferation of the 1:0 ratio (no MSC) 

depending on the MSC product. Such stimulatory properties of MSC at low concentrations 

have been described by others (38).

In an effort to confirm the functional utility and correlation of this newly developed IPA 

with currently established potency assays we compared the IPA to sIL-2R levels using a 

commercially available quantitative ELISA assay. The detection of sIL-2R in the 

supernatants of T cell: MSC co-cultures is used as an indirect measurement for T cell 
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activation and proliferation (46). As such, we analyzed the supernatants taken from the IPA 

co-cultures described above (Figure 2a) for sIL-2R. Using the sIL-2R ELISA, we 

demonstrated that sIL-2R levels in the IPA supernatants correlated very closely with CD4+ 

T cell proliferation (Figure 2b). For all assays performed, which included RSP5 co-cultured 

with LPK1 and LPK2 on three different days, the average correlation coefficient for CFSE-

based proliferation versus sIL-2R was R2=0.98 +/−0.01. After verification of the significant 

correlation between IPA value and sIL-2R levels, we chose the IPA assay for its ease and 

practicality of use in quality control applications as well as its cost effectiveness.

Importantly, the degree of CD4+ T cell proliferation for the 1:0 PBMC:MSC ratio was 

dependent on the leukopack used. T cell proliferation ranged from 40 to 95% when 

evaluating several different leukopacks from a number of different healthy donors (data not 

shown). Use of PBMCs from donors that demonstrated a wide range of proliferation at the 

1:0 ratio (LPK4 and LPK6) allowed the determination of MSC suppression within the 

context of variable T cell proliferation. We compiled the reference standard IPAs that were 

performed with each of the MSC products tested to verify assay consistency. For the three 

assays using RSP5 with LPK4 and LPK6, standard error ranged from 0.3-10% depending on 

the PBMC:MSC ratio. IPA values, based on the white spaces or grey cross hatched areas of 

the titration curves as described in Materials and Methods, averaged 80 (+/− 2)% for LPK4-

screened RSP5 and 88 (+/− 5)% for LPK6 (Figure 2c).

IPA and Cell Surface Marker Analysis of MSC Products Generated at Three PACT Centers

We determined a single suppression value (IPAv) for eleven MSC products provided by 

three PACT Centers. All MSC products were evaluated in parallel with the RSP5 reference 

standard to assess and verify assay-to-assay reproducibility. PBMCs from LPK4 and LPK6 

that were co-cultured separately with each titrated MSC product. Flow cytometric analysis 

for characteristic cell surface MSC, cell recovery, viability, suppression curves and IPAv 

was measured for each MSC product.

PACT Center-1—Three independent BM-MSC P5 products were generated from three 

different healthy donors designated as products 1A, 1B, and 1C. Cells were cryopreserved at 

1-2 × 106/mL using cryovials to accommodate future evaluation in this IPA. PACT Center-1 

products 1B and 1C and the reference standard RSP5 were analyzed. The viability of PACT 

Center-1 MSC products used in the IPA were all ≥ 90% (Table 2), and they were >95% 

positive for CD73, CD90, CD105 and HLA Class I, and <3% positive for CD14, CD19, 

CD34, and CD45 (Figure S1). HLA-DR expression was noted to be between 0.2 to 2.7% for 

PACT Center-1 products with the reference standard RSP5 measured to be 14% HLA-DR 

positive. The degree of T cell suppression for products 1A, 1B, and 1C was examined using 

the IPA. Shown in Figure 3 are the suppression curves using LPK4 and LPK6. The 1C MSC 

product routinely suppressed T cell proliferation to a greater extent than the other two 

products when co-cultured with LPK4 and LPK6 as determined by the IPAv. For example, 

the IPAv of LPK4 screened products was 92% for 1C versus 70% and 69% for 1A and 1B, 

respectively. The IPAv of LPK6 screened products was 88% for 1C versus 65% and 62% 

for 1A and 1B, respectively. Therefore, the same IPAv trend was seen for both LPK4 and 
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LPK6-screened products, with product 1C having the highest value of the 3 different donor 

MSC products evaluated.

PACT Center-2—The MSC product from PACT Center-2 was cultured in media 

supplemented with 5% human platelet lysate. This MSC product was cryopreserved in 1.5 

mL cryovials at 1 × 107cells/mL. Viability of this PACT Center product was 97% (Table 2). 

Flow cytometry analysis for MSC marker expression on the PACT Center-2 MSC product 

2A demonstrated >99% positivity for CD73, CD90, CD105 and HLA Class I, and <2% for 

CD14, CD19, CD34, and CD45. HLA-DR expression was detected to be 2% (Figure S2). 

The MSC product 2A suppressed T cell proliferation at all ratios tested with an IPAv of 64% 

for the LPK4 PBMC and 80% for LPK6 (Figure 4). Of note is the higher degree of CD4+ T 

cell proliferation at the 1:1 (PBMC:MSC) and 1:0.5 ratios for LPK4 screened products 

compared to the 1:0.2 ratio. Such a titration curve is also not uncommon and highlights the 

importance of analyzing a range of MSC titrations in order to gain a more complete picture 

of the suppression capability of specific MSC products proliferation at certain ratios (38).

PACT Center-3—MSC products were derived from a bone marrow-aspirate using 16.5% 

FBS. This methodology includes the use of fresh 100 mL of bone marrow which is typically 

divided into 25 mL aliquots and one fresh 25 mL aliquot would be plated while the other 

three aliquots are frozen for later use. Passage 1 (P1) cells are used to inoculate a cell factory 

allowed to expand until passage 2 (P2) then harvested and cryopreserved (Table 1). We 

analyzed four MSC products which were cryopreserved in bags (3A.1, 3A.2, 3B, and 3C) 

and an additional three products that were cryopreserved in vials (3D.1, 3D.2, and 3E) for a 

total of seven MSC products. Products 3A.1 and 3A.2 represent duplicates of the same MSC 

product derived from the same donor, as do products 3D.1 and 3D.2. By analyzing the same 

cell products in duplicate we were able to examine the reproducibility and variability of our 

assay as well as the cell viability and recovery. Flow cytometry demonstrated typical MSC 

marker characteristics with CD73, CD90, CD105, and HLA Class I all >98% and CD14, 

CD19, and CD45 all <2% (Figures S3a and S3b). HLA-DR expression was <2.5% for all 

PACT Center-3 MSC products tested and CD34 expression ranged from 0.4-8.4%.

Overall, all seven MSC products (3A.1, 3A.2, 3B, 3C, 3D.1, 3D.2, and 3E) from PACT 

Center-3 demonstrated some level of CD4+ T cell proliferation suppression (Table 2). For 

LPK4 screened MSC products 3A (3A.1 and 3A.2), 3B, and 3C IPA suppression values 

ranged from 27 to 62% as shown in Figure 5a, while for LPK6 screened MSC products, IPA 

values ranged from 42% to 77%. The IPA values correlated well between LPK4 and LPK6 

screens, since the lower suppression values were generated from MSC products 3A.1 and 

3A.2, and the highest values were generated for product 3C.

The IPA values for MSC products 3D.1, 3D.2, and 3E that were screened with LPK4 and 

LPK6 are provided in Figure 5b. The IPA values for products 3D.1 and 3D.2 are 55% and 

53%, respectively, for LPK4 co-cultures. For LPK6 screened MSC products, IPA values for 

products 3D.1 and 3D.2 are 58 and 65% respectively. Viability upon thaw ranged from 74 to 

94% for the Center-3 MSC products (Table 2).
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Viability and DR levels do not correlate with In Vitro Suppression Values

We examined whether the differences in IPA values could be explained by differences in 

cell viability at the time of assay setup. Thus, we compared the IPA values with viability of 

all MSC products from the three PACT centers and the reference standard. As shown in 

Figure 6a, there was little correlation between IPA and viability results. Correlation 

coefficients were R2=0.21 for LPK4 screened products and R2=0.12 for LPK6 screened 

MSC products. In addition, suppression did not correlate strongly with HLA-DR expression 

as correlation coefficients were R2=0.22 and R2=0.27 for LPK4 and LPK6 screened MSC 

products, respectively (Figure 6b).

Discussion

In this report, we describe a well-defined immunopotency assay to measure the relative T 

cell suppression strength of human bone marrow derived MSC products. This method was 

developed into a Quality Control Specification (QCS) for evaluation of MSC products to 

support cellular therapy characterization in a manufacturing environment regulated by 

current Good Manufacturing Practice (cGMP). This assay is straightforward, reproducible, 

and comprehensive in design. Currently, there is no standard methodology used to generate 

bone marrow MSCs for research or clinical applications and no bench mark assay or cell 

line has been reported to compare cell therapies across different manufacturing practices 

(39). Although the impact of a number of potential variables on the in vitro and in vivo 

properties of MSCs is unknown, notable differences in clinical study results have been 

attributed to differences in culture methodologies (47). However, there are a number of other 

reasons that could lead to variability in clinical outcomes. For example, differences in 

clinical study design such as type or severity of the disease in a patient population, dose and 

frequency of MSC administration, or variability in concomitant medications may all greatly 

contribute to variability in clinical study outcome (48). Another important variable is the 

passage number of MSCs as it has shown that biological properties of MSCs evolve over 

different passages (49). Of importance, the MSCs from each of the PACT Centers are final 

cellular products of clinical quality which were evaluated using our IPA.

As a first step in evaluating variability in MSC products, we developed a standardized 

biological assay that reproducibly measures the inhibition of CD4+ T cell proliferation, one 

of the main proposed mechanisms of action of MSCs. The IPA has been comprehensively 

evaluated using a series of PBMC:MSC ratios for each MSC product. Additionally, the 

results of each MSC product were compared to a reference standard to ensure assay integrity 

and reproducibility. Another controlled aspect of this assay is that human PBMCs from 

healthy apheresis donors are purified and cryopreserved in large numbers to enable use of 

the same PBMCs for every experiment, thereby minimizing assay-to-assay variability in 

these assays. The standardization of PBMC stocks not only allowed for the direct 

comparison of suppression results, but it also provided a level of consistency between 

experiments which is one of the basic requirements of a good quality control assay.

This assay takes into account the suppression mediated in tandem by both soluble 

suppression factors and mechanisms initiated upon PBMC/MSC contact. The assay was 

designed as a non-exclusive screen for any immune suppression mechanism and as a result 
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avoids assuming that any single immune factor is more important than another. Still, despite 

the complex nature of the suppression mechanisms, a single suppression value can be 

generated using a wide range of PBMC:MSC ratios. To our knowledge, this is the first MSC 

assay to be described in which an actual suppression value (IPAv) is assigned to an MSC 

product. Analysis of additional effector to target ratios could result in an enhanced 

evaluation of suppression and confidence in determining significant differences that may 

exist between MSC products.

This IPA is flexible in that the proliferative suppression of specific leukocyte subsets can be 

evaluated. For example, this assay could be modified to analyze B cell proliferation with the 

addition of an anti-IgM/CD40L stimulus, or identify the suppression of a specific clonal 

population of T or B cells using receptor-specific tetramers. Using this IPA format could 

also allow for titrating T cell stimulatory antibodies and generate a stimulus curve to better 

mimic the pro-inflammatory environments seen in any given patient population. Flexibility 

can also be attributed to the assay in that any number of soluble factors, produced either by 

the MSC or the PBMC, could be measured in the supernatants of each co-culture. We have 

shown that soluble IL-2R levels could be used as an indication of T cell activation and 

proliferation. Additionally, rather than evaluation of a broad function such as proliferation 

potential, one could measure cytokine levels expressed by a specific T cell subset or specific 

activities of MSC-derived suppression factors. Ideally, use of this assay format with patient 

PBMCs could prove helpful in identifying which MSC product may be better suited as a 

cellular therapeutic for a particular patient.

Although the IPA described here is robust, flexible, and reproducible it is important to 

consider other factors that have the potential to influence the outcome of this assay. For 

example, in order to simplify upfront assay preparation and yet develop a dependable 

quantitative assay, T cells or CD4+ cells were not isolated prior to their use in this MSC co-

culture assay. As such, other cell populations such as monocytes, macrophages, dendritic 

cells, or B cells may influence this IPA by affecting the responsiveness of MSCs and CD4+ 

T cells (50). Therefore, using PBMCs may not be a direct measurement of CD4+ T cell 

inhibition by MSCs. However, using T cells within a PBMC milieu, as we have here, may 

more closely mimic the in vivo inflammatory environment that MSCs are exposed to upon 

patient administration. This IPA also does not directly address the effect of MSCs on other 

cellular components of PBMCs such as B cells, T regulatory cells, dendritic cells, and 

monocytes and macrophages. Thus, unless a series of MSC products are rigorously 

evaluated and demonstrated to correlate with in vivo outcomes this IPA assay should only be 

used as a research tool to screen and compare T cell suppressive properties of different MSC 

products and as a platform for further functional characterization and comparison of these 

products.

Testing of MSC products generated from different donors with different manufacturing 

techniques using this QCS assay is an initial step toward much needed efforts to standardize 

MSC immunopotency assays for clinical trials.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Gating Strategy
For the IPA, CFSE-labeled PBMCs are co-cultured with titrated numbers of MSCs for 4 

days. Upon cell harvest, co-cultures are incubated with an anti-CD4 APC-labeled antibody 

and analyzed by flow cytometry. CD4+ cells (Y-axis) are shown in conjunction with CFSE 

(X-axis) in order to analyze the extent of CD4+ proliferation as measured by the dilution of 

CFSE intensity. Shown in the top row are representative dot plots with corresponding 

histograms in the second row. Illustrated in the third row are plots for each PBMC:MSC 

ratio representing distinct populations generated from the parental population which is 

highlighted in blue. A CFSE-lo gate was set with the non-stimulated PBMC control (1:0.05 

non-stim) in order to assess proliferation in stimulated samples. Lack of MSC in 1:0 

(PBMC:MSC) ratio allows stimulated CD4+ cells to proliferate without inhibition. 

Proliferation is significantly inhibited at a 1:1 ratio which is then regained as MSC numbers 

are titrated down. The values of the CFSE-lo gate are used for IPAv analysis.
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Figure 2. Reproducibility of IPA/Titration Curve
Figure 2a: The reference standard MSC line RSP5 was used in IPAs in which RSP5 was co-

cultured with T cell stimulated PBMCs from two different healthy donors, LPK1 or LPK2. 

These IPAs were repeated on three different days to assess reproducibility of this assay. 

Standard error of suppression at each PBMC:MSC ratio is shown for LPK1 and LPK2. A 

suppression value, termed IPAv, was calculated for this assay (see Material and Methods). 

Figure 2b: The supernatants from the IPA cultures of all assays shown in Figure 2a were 

assessed for levels of sIL-2R using ELISA. Figure 2c: The IPAv is essentially the 
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‘suppression area’ or grey cross hatched area represented as a single value used to evaluate 

each MSC line’s PBMC inhibitory capabilities or potency.
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Figure 3. IPA of PACT Center-1 MSC Products
Three MSC lines from PACT Center-1, products 1A, 1B, and 1C, were analyzed for their 

ability to suppress CD4+ T cell proliferation using the IPA assay. PBMCs from two 

different healthy donors, LPK4 and LPK6, were utilized in these assays. The PBMC:MSC 

ratios (LPK:MSC ratios) ranged from 1:1 to 1:0.05. The data in top panel are IPA’s 

performed with LPK4 and the bottom panel represent the same samples performed using 

LPK6. IPA values (IPAv) were calculated for each IPA. The IPAv’s were highest (i.e., 

strongest suppression) for MSC Product 1C, using either LPK4 or LPK6.
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Figure 4. IPA for PACT Center-2 MSC Product
The MSC product from PACT Center-2 was analyzed for its ability to suppress the 

proliferation of CD4+ T cells using the IPA assay. The PBMCs from two different healthy 

donors, LPK4 and LPK6, were utilized in these assays. The 1:0 (PBMC:MSC) ratio is 

shown on the left of each graph. The PBMC:MSC ratios (LPK:MSC ratios) ranged from 1:1 

to 1:0.05. The plot on the left represents the IPA performed with LPK4 and the plot on the 

right shows the IPA performed with LPK6. IPA values (IPAv) were calculated to be 64 and 

80 for IPAs using LPK4 and LPK6, respectively.
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Figure 5. IPA for PACT Center-3 Products
The MSC products from PACT Center-3 were assessed for their ability to suppress the 

proliferation of CD4+ T cells using the IPA assay. PBMCs from two different healthy 

donors, LPK4 and LPK6, were used in these assays. Five different PBMC:MSC ratios 

(LPK:MSC ratios) were used and ranged from 1:1 to 1:0.05. The 1:0 (PBMC:MSC) ratio is 

shown on the left. The suppression values, or IPA values (IPAv), were calculated for each 

IPA assay and are shown directly above each plot. Figure 5a: The IPAs of products 3A.1, 

3A.2, 3B, 3C, 3D.1, 3D.2, and 3E cultured with PBMCs from healthy donor LPK4. Figure 
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5b: The IPAs of products 3A.1, 3A.2, 3B, 3C, 3D.1, 3D.2, and 3E cultured with PBMCs 

from healthy donor LPK6.
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Figure 6. IPAv Correlation with Viability and MHC Class II
Figure 6a: The IPA values for each product were assessed for their degree of correlation 

with the cell viability of that product. IPAv’s from assays using either LPK4 or LPK6 were 

used. The correlation coefficients were R2=0.21 and R2=0.12 for LPK4 and LPK6, 

respectively. Figure 6b: IPA values for products were evaluated for correlation with cell 

surface HLA-DR (MHC Class II) expression which was measured using flow cytometry 

analysis. The correlation coefficients were R2=0.22 and R2=0.27 for LPK4 and LPK6, 

respectively.
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Table 1

Summary of MSC Culture Methodologies

PACT Center-1 PACT Center-2 PACT Center-3

Bone Marrow
Aspirate

100 mL- fresh 25 mL- fresh 25 mL- fresh or frozen

MSC Isolation Ficoll gradient/RBC
lysis: Plate MNCs in
T-flasks

Plated aspirate in
Quantum

Ficoll gradient: Plate
MNCs in T-flasks

Culture Medium Alpha-MEM
10% FBS
1× GlutaMax

DMEM
5% human platelet lysate
2mM GlutaMax
10mM N-acetylcysteine
2 IU/mL heparin

Alpha-MEM
16.5% FBS
1× GlutaMax

Culture Conditions Seed T-225 cm2 grow
to 80 to 90%
confluence
Half-feed day 1, then
full feeds every 2-4
days
Establish P2 MCB
Expand P2 to P5 in
Cell Factories (CFs)
Seed CFs at 2 to 3 ×
103 cells/cm2

Seed unfractionated
marrow into Quantium
Bioreactor (Terumo
BCT) Remove
unattached cells at 24-48
hours Continuous feed
at 0.1 mL/min then when
lactate level >4.0 mM;
feed at 1.6 mL/min; P1
harvest when lactate
>4.0 mM

Seed T-flasks at 1.0 to
1.5 × 105 cells/cm2

Feed D1 & 2 and every
2-4 days; grow to 70-
80% confluence
Seed cell factories at 40-
50 cells/cm2; feed every
2-4 days to 70-80%
confluence

Cryopreservation Plasma-Lyte A, 5%
HSA, and 2.5%
DMSO

Plasma-Lyte A, 5%
HSA, and 10% DMSO

Plasma-Lyte A, 12.5%
HSA, and 10% DMSO

*
For method validation only
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Table 2
MSC Product Characteristics

MSC Recovery (%)* Viability (%) LPK4 (%) / LPK6
(%) = IPAv

HLA-DR (%)

RSP5 (Vial) 90 95 80/88 13.3

Product 1 A (Vial) 50 98 70/65 2.7

Product 1 B (Vial) 50 96 69/62 0.2

Product 1 C (Vial) 50 90 92/88 0.3

Product 2 A (Vial) 89 97 64/80 3.3

Product 3 D.1 (Vial) 50 90 55/58 2.2

Product 3 D.2 (Vial) 45 94 53/65 1.4

Product 3 E (Vial) 46 90 48/61 1.7

Product 3 A. 1 (Bag) 49 86 34/49 0.2

Product 3 A.2 (Bag) 55 87 27/42 0.3

Product 3 B (Bag) 49 74 47/59 0.6

Product 3 C (Bag) 55 85 62/77 0.3

*
Recovery (%) = Represents the number of live cells recovered after thaw divided by the number of total cells assessed at the time of 

cryopreservation.
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