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Abstract: 23 

Background: Mesenchymal stromal cells (MSCs) have shown great promise in the field of 24 

regenerative medicine as many studies have shown that MSCs possess immunomodulatory function. 25 

Despite this promise, no MSC therapies have been granted licensure from the FDA. This lack of 26 

successful clinical translation is due in part to MSC heterogeneity and a lack of critical quality 27 

attributes (CQAs). While MSC Indoleamine 2,3-dioxygnease (IDO) activity has been shown to 28 

correlate with MSC function, multiple CQAs may be needed to better predict MSC function. 29 

Methods: Three MSC lines (two bone marrow, one iPSC) were expanded to three passages. At the 30 

time of harvest for each passage, cell pellets were collected for nuclear magnetic resonance (NMR) 31 

and ultra-performance liquid chromatography mass spectrometry (UPLC-MS), and media was 32 

collected for cytokine profiling. Harvested cells were also cryopreserved for assessing function using 33 

T cell proliferation and IDO activity assays. Linear regression was performed on functional and multi-34 

omics data to reduce the number of important features, and partial least squares regression (PLSR) 35 

was used to obtain putative CQAs based on variable importance in projection (VIP) scores. 36 

Results: Significant functional heterogeneity (in terms of T cell suppression and IDO activity) was 37 

observed between the three MSC lines, as well as donor-dependent differences based on passage. 38 

Omics characterization revealed distinct differences between cell lines using principal component 39 

analysis (PCA). Cell lines separated along principal component 1 based on tissue source (bone 40 

marrow vs. iPSC-derived) for NMR, MS, and cytokine profiles. PLSR modeling of important features 41 

predicts MSC functional capacity with NMR (R2=0.86), MS (R2=0.83), cytokines (R2=0.70), and a 42 

combination of all features (R2=0.88). 43 

Discussion: The work described here provides a platform for identifying putative CQAs for predicting 44 

MSC functional capacity using PLSR modeling that could be used as release criteria and guide future 45 

manufacturing strategies for MSCs and other cell therapies. 46 

 47 
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 4 

Introduction 5 

Mesenchymal stem/stromal cells (MSCs) have been explored as a cell therapy in clinical trials 6 

due to their immunomodulatory properties.1 Although MSCs have shown great promise in preclinical 7 

studies for treatment of immune diseases, there have been challenges translating MSCs into 8 

approved therapies. This lack of translation can be attributed to MSC heterogeneity and no well-9 

established critical quality attributes (CQAs i.e. limits or ranges of MSC biological properties) used to 10 

monitor MSC functional capacity among cell-lines or even within MSC cultures.2–4 T cell suppression 11 

is one of the most commonly used assays to assess MSC immunomodulatory capacity, but it is not 12 

standardized, has low throughput, and there is donor-donor variability among peripheral blood 13 

mononuclear cell (PBMC) responses to stimulation.5  14 

The International Society for Cell and Gene Therapy (ISCT) has proposed several candidate 15 

protein properties to use for predicting MSC functional capacity.2 Indoleamine 2,3-dioxygenase (IDO) 16 

is one indicator of potency that has been proposed that plays a major role in the mechanisms by 17 

which MSCs modulate immune cells, such as T cells.6 Although IDO correlates with T cell 18 

suppression, there are several other mechanisms through which MSCs exert their potent 19 

immunomodulatory effects.7–9 Therefore, a matrix-based approach (i.e. a combination of CQAs) is 20 

likely needed to ensure a high quality MSC product.2 Chinnadurai et al. examined the relationship 21 

between various RNAs and secreted molecules with T cell proliferation and showed that several 22 

secreted factors and RNAs had strong correlations with T cell proliferation.10 Although these factors 23 

correlated with MSC functional capacity, measurement of these cellular properties require stimulation 24 

of sample MSC product acquired at the end of the manufacturing process and thus cannot be 25 

performed in-process. 26 

MSCs secrete a broad repertoire of immunomodulatory cytokines that may have therapeutic 27 

potential; however, these immunomodulatory functions have not yet been characterized. Several 28 

studies have shown that MSC secreted cytokines can be modulated by physiologic conditions such 29 

as hypoxia, and pharmacological conditions such as targeted small molecule and growth factor 30 

conditioning.11–13 MSCs from different sources may differ in their immunomodulatory capacities, and 31 

the ability to assess cytokine secretion in MSCs using a non-destructive approach such as cytokine 32 

assays will allow for a standardized metric for MSC potency during manufacturing;14 cytokines that 33 

are secreted into the media can be measured without interference with cell growth and other 34 

conditions. Therefore, combination of specific cytokines secreted by MSCs, together with metrics of T 35 

cell suppression and IDO may enable identification of non-destructive, in-process CQAs for predicting 36 

potency. 37 

Measures of cellular metabolism are also promising for assessing MSC quality due to the high 38 

abundance of metabolites in cells, and their importance in stem cell fate.15 Studies have shown that 39 

extended in vitro culture of MSCs shifts their metabolism from glycolysis towards oxidative 40 

phosphorylation (OXPHOS). MSCs in their native environment have a more glycolytic metabolism, 41 

and it has been shown that glycolytic MSCs have improved immunomodulatory effects in vivo.15–17 42 

Therefore, assessing metabolite profiles in MSCs during expansion could be used as a predictor of 43 

their immunomodulatory capacity. Non-targeted metabolomics enables a detailed profiling of 44 

therapeutic cells, providing opportunities towards a more precise understanding of cellular therapeutic 45 

mechanisms.18 Nuclear magnetic resonance (NMR) spectroscopy and mass spectrometry (MS) are 46 

the two most commonly used techniques in metabolomics.19 NMR requires minimal sample 47 
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preparation, making it highly reproducible. NMR can also provide information in assigning metabolites 1 

based on chemical shifts and J-coupling patterns. As an analytical platform, MS also has certain 2 

advantages. Its higher sensitivity enables the detection of low abundance metabolites that are below 3 

the NMR detection thresholds,20 whereas its high resolution greatly reduces spectral overlap. When 4 

coupled with separation techniques such as gas chromatography (GC) or ultra-performance liquid 5 

chromatography (UPLC), spectral complexity is greatly reduced, and metabolic chemical properties 6 

can be revealed.21–23 The combination of NMR and UPLC-MS metabolic profiling provides an even 7 

more in-depth measurement of MSC cellular metabolism, potentially leading to the discovery of CQAs. 8 

To date, NMR- and MS-based metabolic profiling was used to characterize cellular metabolism, 9 

leading to the discovery of biomarkers or pathways different between cell lines or cellular responses 10 

of treatment.24–26 However, to the best of our knowledge, no studies have been reported where NMR- 11 

and/or UPLC-MS- based metabolomics are used to establish CQAs associated with MSC 12 

immunomodulatory potency. 13 

In this study, we used a multi-omics approach to identify MSC metabolites and cytokine levels 14 

during cell manufacturing that could serve as predictors of MSC immunomodulation and as potential 15 

potency assays. These metabolites and cytokines are referred to in this work as putative CQAs. 16 

Intracellular metabolites and secreted cytokines from three MSC lines at multiple passages were 17 

studied to determine their correlation with MSC immunosuppressive capacity post thaw. NMR, UPLC-18 

MS, and cytokine data sets were also merged and filtered to identify putative CQAs. Using partial 19 

least squares regression (PLSR) and variable importance projection (VIP) scores, we identified a 20 

multi-omic panel of candidate cytokines and metabolites that could be used to predict MSC functional 21 

capacity and inform future manufacturing strategies. 22 

 23 

Methods 24 

Cell Culture 25 

Two bone marrow-derived MSC lines (RoosterBio, Frederick MD) (lot #0071 and #0182, which the 26 

manufacturer has both research and clinical-grade lots available), and one induced pluripotent stem 27 

cell derived MSC cell-line (Cellular Dynamics International, Madison WI) (Lot #0003, also 28 

prequalified) were used and referred here as BM71, BM182, and iMSC, respectively. MSCs were 29 

thawed and allowed to recover for 24 hours in complete medium (MSC-GM) (Alpha-Minimum 30 

Essential Medium (Gibco), 10% fetal bovine serum (Hyclone), 2mM L-glutamine, 50 U/mL penicillin, 31 

50 μg/mL streptomycin (Gibco)) before being seeded at 500 cells/cm2. Cells were expanded in 10 32 

150 mm plates with a negative, media-only control plate and 14 T175 flasks for expansion. After 33 

reaching approximately 80% confluency, cells in 150 mm dishes were washed with PBS three times. 34 

Cells were then scraped and collected in 80:20 methanol:water solution and stored at -80°C until 35 

further analysis. Cells grown in T175 flasks for expansion were harvested using 0.05% trypsin (Gibco) 36 

and counted using a Cellometer K2 cell counter (Nexcelom, Lawrence MA). Cells were either 37 

cryopreserved for functional assays or reseeded in dishes/flasks for continued expansion (3 total 38 

passages for each cell-line, 9 total experimental groups). Population doubling level (PDL) for each 39 

cell-line/passage was determined using formula 1: 40 

 41 

PDL = X + 3.322(logY – logI)   (1) 42 

Where X = initial PDL, I = initial cell seeding number and Y = final number of cells. 43 

 44 

T Cell Suppression Assay 45 

MSCs from each cell-line/passage were thawed and allowed to recover for 48 hours with a media 46 

change at 24 hours. MSCs were then seeded at three densities (10,000, 5,000 and 2,000 cells/well) 47 
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in a 96 well plate and cultured for 24 hours. PBMCs (AllCells, Alameda CA) were thawed in RPMI 1 

media (RPMI, 20% FBS, 2mM L-glutamine, 50 U/mL penicillin, 50 μg/mL streptomycin) and cultured 2 

overnight at 37°C and 5% CO2. Prior to co-culture, PBMCs were labeled with CFSE (Supplemental 3 

Table 1, Biolegend, San Diego CA) according to the manufacturer’s protocol, and 100,000 PBMCs 4 

were added to each well at final MSC:PBMC ratios of 1:10, 1:20, or 1:50 as well as control wells 5 

containing only PBMCs. Following PBMC addition, stimulating anti-CD3/CD28 Dynabeads (Thermo 6 

Fisher Scientific, Waltham MA) were added at 100,000 beads per well to the appropriate wells 7 

(positive controls and all MSC groups). MSCs and PBMCs were co-cultured for 72 hours at 37°C, 5% 8 

CO2.  9 

Following co-culture, PBMCs were collected and stained using APC/Fire anti-CD4 and APC anti-CD8 10 

(Supplemental Table 1) (Biolegend, San Diego CA). PBMCs were first washed and stained with 11 

Zombie Yellow (Supplemental Table 1) (Biolegend, San Diego CA) viability dye and blocked using 12 

2% FBS. PBMCs were then washed again and stained for CD4 and CD8 in the dark at room 13 

temperature. Following staining, the antibodies were blocked using 2% FBS and washed. Cells were 14 

then fixed with 4% PFA for 30 minutes at 4°C. Cells were then washed and re-suspended in PBS 15 

containing 2% FBS. Cells were stored overnight at 4°C in the dark until flow analysis. 16 

 17 

Flow Cytometry 18 

All flow cytometry experiments were performed using a CytoFLEX S (Beckman Coulter, Hialeah FL) 19 

with 20,000 events collected per sample. All flow cytometry data were analyzed using FlowJo 20 

(Treestar, Inc., Ashland OR). Briefly, cell debris, doublets, and Dynabeads were gated out using 21 

scatter principles. Then, single stained controls were used for compensation, and fluorescence minus 22 

one controls were used in order to determine positive populations (Supplemental Figure 1). 23 

 24 

IDO Activity Assay 25 

MSCs from each cell-line/passage experimental group were thawed and cultured for 48 hours with a 26 

media change at 24 hours. MSCs were then seeded at a density of 40,000 cells/cm2 in a 96 well plate 27 

in MSC-GM. After 24 hours, the medium was replaced in each well with MSC-GM containing 10 28 

ng/mL interferon gamma (IFN-γ) (Life Technologies). After an additional 24 hours, conditioned media 29 

was collected and frozen at -20°C, and cells were fixed with 4% PFA. Media was thawed and 100 μL 30 

was transferred into a 96 well plate. Trichloroacetic acid was used to precipitate excess protein. 75 μL 31 

of the supernatant was collected and transferred to a separate 96 well plate. Ehrlich’s Reagent was 32 

then added to each well to detect L-kynurenine levels using a SpectraMax iD5 (Molecular Devices) 33 

plate reader. Levels of L-kynurenine were determined using a standard curve. To normalize L-34 

kynurenine values to cell numbers for each experimental group, we performed automated image 35 

analysis to quantify cell nuclei in the wells from which conditioned medium was collected. Following 36 

fixation, MSCs were washed with PBS twice, and stained with Hoechst. Cells were then imaged on a 37 

Cytation 5 high content imaging system (Biotek, Winooski VT) and cell counts determined using 38 

CellProfiler27 to normalize the amount of L-kynurenine per cell. 39 

 40 

Metabolomics Sample Preparation 41 

MSC samples were thawed at 4°C and vortexed three times for 1 min. Then samples were 42 

centrifuged at 14,000 x g for 5 min at 4°C. For each sample, 30% (300 μl) and 60% (600 μl) of the 43 

supernatant were transferred to pre-labeled Eppendorf tubes for LC-MS and NMR spectroscopy, 44 

respectively. For each PDL, 67μl of each sample was pooled together to generate 2 internal PDL 45 

quality control (QC) samples. The remaining 33 μl supernatant of each sample was pooled together 46 

to generate 2 internal overall QC samples. In each PDL, the extraction blank sample was added 47 
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using extraction solvent (methanol: water 80:20). Samples were then evaporated in a Speedvac for 6 1 

hours and stored in -80°C until future analysis. NMR samples with QC controls and 2 buffer blank 2 

samples were used for data acquisition. Samples were all randomized, with total 49 samples in each 3 

cell line. The LC-MS sample randomization was identical to NMR.  4 

 5 

NMR 6 

The NMR buffer solution was prepared by dissolving 928.6 mg of anhydrous NaH2PO4 and 320.9 mg 7 

of Na2HPO4 in 80 ml D2O (Cambridge Isotope Laboratory) in a volumetric flask. Sodium 8 

trimethylsilylpropanesulfonate (DSS) was used as a chemical shift and concentration reference 9 

standard by adding 333.3 μl of 1.0 M DSS-D6 (Cambridge Isotope Laboratory) stock solution to the 10 

buffer for a final DSS concentration of 1/3 mM. The pH was adjusted to 7.4 (uncorrected for isotope 11 

effects) and was brought to a volume of 100 ml with D2O and mixed well. The pH was rechecked, and 12 

the buffer stored at 4°C until use.  13 

The NMR samples were reconstituted in 80 μl of the NMR buffer and vortexed thoroughly. Sixty μl of 14 

each sample was transferred to racks of 96 1.7-mm NMR tubes for data acquisition using a 15 

SamplePro Tube robotic system (Bruker Biospin, Billerica, MA, USA). Samples were run on a Bruker 16 

NEO 800 MHz NMR spectrometer equipped with a 1.7-mm cryoprobe and Bruker SampleJet cooled 17 

to 5.6°C. One dimensional nuclear Overhauser enhancement spectroscopy with water suppression 18 

(1D-NOESY PR) was collected on all samples. The spectra were processed using NMRPipe28 and 19 

and in-house MATLAB metabolomics toolbox 20 

(https://github.com/artedison/Edison_Lab_Shared_Metabolomics_UGA). The spectra were aligned 21 

using Correlation Optimized Wrapping (COW) algorithm29 and normalized with a Probabilistic quotient 22 

normalization (PQN)30 algorithm. The non-overlapped peaks were manually binned, and the area 23 

under curve was calculated for each non-overlapped feature.  24 

Two-dimensional 1H-13C Heteronuclear Single Quantum Coherence (HSQC) and 1H-13C HSQC-Total 25 

Correlated Spectroscopy (HSQC-TOCSY) spectra on internal pooled samples were collected for 26 

metabolite identification. The spectra were processed using NMRPipe, and the in-house MATLAB 27 

metabolomics toolbox. The 2D NMR spectra were matched to a metabolite database using the 28 

COLMARm.31 The metabolites were assigned a confidence level ranging from 1 to 5 according to 29 

published criteria.32  30 

After metabolite identification, peaks were further normalized by a normalization factor calculated as 31 

the proton numbers in functional group corresponding to a given peak. A total of 28 metabolites were 32 

obtained from binning of the whole spectra. The unknown binned features were then used to perform 33 

correlation analysis. The features with correlation coefficient values greater or equal to 0.8 were then 34 

grouped together as tentative unknown metabolites. A total of 29 tentative unknown features were 35 

extracted from 100 features (Supplemental Figure 2).  36 

 37 

UPLC-MS 38 

Cell extract samples were resuspended in 50 μL methanol/water (80:20 v/v). A sample blank was 39 

prepared with 50 μL of methanol/water solution (80:20 v/v), and a pooled quality control (QC) sample 40 

was created by mixing a 10 μL aliquot of each cell extract sample. Both the sample blank and the 41 

pooled sample were processed with the same procedure, and were analyzed together with the cell 42 

extract samples. All samples were run in randomized order on consecutive days. QC samples were 43 

analyzed every 10 runs to assess UPLC−MS system stability and correct time-dependent batch 44 

effects with a QC-based regression curve. 45 

UPLC-MS analyses were performed using a Vanquish Horizon UPLC (Thermo Fisher Scientific, Inc., 46 

Waltham, MA) system coupled to a Orbitrap ID-X Tribrid mass spectrometer (Thermo Fisher 47 
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Scientific, Inc., Waltham, MA). Hydrophilic interaction (HILIC) chromatography was performed with a 1 

Waters ACQUITY UPLC BEH HILIC, 2.1 × 75 mm, 1.7 μm particle column. Mobile phase A was 2 

water/acetonitrile (95:5 v/v), 10 mM ammonium acetate, and 0.05% ammonium hydroxide. Mobile 3 

phase B was acetonitrile with 0.05% ammonium hydroxide. Chromatographic gradients can be found 4 

in Supplemental Information (Supplemental Table 2). The column temperature was 55 °C, while 5 

samples were maintained at 5 °C in the autosampler. Two μL of each sample were injected, and the 6 

mass spectrometer was operated in positive ion mode. For metabolite identification purposes, data-7 

dependent acquisition (DDA) experiments were used to collect MS/MS spectra at stepped normalized 8 

collision energy (NCE) of 10, 30, and 50.  9 

 10 

Cytokine Profiling 11 

Conditioned media from each cell-line/passage (at the time of cell harvest) were collected and 12 

prepared for cytokine profiling using the Human Premixed Multi-Analyte Magnetic Luminex Assay 13 

(R&D Systems, Minnneapolis MN) (Supplemental Table 3). Cytokine profiling was performed 14 

following a standard protocol. Briefly, 50 μL standard or media sample was added to a 96-well plate, 15 

followed by 50 μL diluted microparticle cocktail and incubated for 2-hours at room temperature on an 16 

orbital microplate shaker. Using a magnetic device attached to the bottom of the microplate, each well 17 

was washed with 50 μl of wash buffer. Then 50 μL diluted biotin-antibody cocktail was added to wells 18 

and incubated for 1-hour at room temperature on an orbital microplate shaker. After washing, 50 μL of 19 

streptavidin-PE was added to each well and incubated for 30 min. 100μL of wash buffer was added to 20 

wells to resuspend microparticles and samples were then loaded into a BioPlex 200 Luminex system 21 

(Bio-Rad) and analyzed. The assay measures the intensity of PE emission, which is correlated to 22 

cytokine concentration standards. 23 

 24 

Data Analysis and Statistical Methods 25 

Principal component analysis (PCA) was conducted using JMP (version 15). All suppression assays, 26 

linear regression models, and IDO assays were analyzed using Prism (GraphPad, San Diego CA). 27 

Comparison of T cell proliferation to the positive control, comparison of T cell proliferation among all 28 

groups at the 1:10 dilution, and IDO activity were analyzed using one-way ANOVA with Tukey’s post-29 

hoc test. Comparisons of T cell suppression against passage 1 and against the 1:10 dilution were 30 

analyzed using a two-way ANOVA with Tukey’s post hoc test. 31 

NMR and MS features were mapped to CD4+ and CD8+ proliferation rates using simple linear 32 

regression. The top 20 metabolites of each dataset with the lowest p-values (p<0.05) were selected 33 

for downstream analysis. Selected 20 NMR metabolites, 20 MS metabolites and all cytokine data 34 

were used to train a partial least squares regression (PLSR) model. The response was the PCA 35 

loading score generated by using principal component 1 of all five functional measures termed, 36 

composite functional score. The predictors with variable importance in projection (VIP) scores greater 37 

or equal to 1 were selected as potential CQAs. 38 

 39 

Results 40 

 41 

Cell-line and passage-dependent differences in T cell suppression 42 
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Population doubling level was used to assess MSC age and growth characteristics for each cell-line 1 

throughout expansion (Supplemental Table 4). Population doubling level, doublings per day, and log 2 

growth of cell expansions were recorded (Figure 1B-D). Following expansion, MSC cell-lines at three 3 

different passages were co-cultured with anti-CD3/CD28 stimulated PBMCs in order to assess their 4 

immunosuppressive capacity with two PBMC donors. MSCs were cultured at three different 5 

MSC:PBMC ratios as well as positive (no MSCs with stimulation) and negative (no MSCs, no 6 

stimulation) controls. After 3 days, CD4+ and CD8+ T cell proliferation was assessed based on CFSE 7 

dilution (Figure 2A-F). A dose response was observed when increasing the MSC:PBMC ratio on the 8 

ability of the iMSC and BM182 cells to suppress CD4+ and CD8+ proliferation (p<0.05). CD4+ and 9 

CD8+ T cell proliferation decreased at the 1:50 dilution compared to the 1:10 dilution (p<0.05) in 10 

BM71 except for P3. The 1:10 MSC:PBMC ratio had the greatest variation in function across all cell-11 

lines and passages and was used for comparison and predictive function. All passages of the iMSCs 12 

and BM182 lines suppressed CD4+ and CD8+ T cell proliferation when compared to the positive 13 

control (p<0.05) (Figure 2A,C,D,F). BM71 increased CD4+ proliferation at all passages and increased 14 

CD8+ proliferation at P1 (p<0.05) and had no significant differences at P2 and P3 when compared to 15 

the positive control (Figure 2B,E). For BM182, CD4+ and CD8+ T cell proliferation (p<0.05) was 16 

suppressed at P3 compared to earlier passages and had similar suppression as the iMSCs (Figure 17 

2G). These studies were repeated using PBMCs harvested from a second donor (Supplemental 18 

Figure 2). Similarly, there was a MSC dose dependent response, as the 1:10 MSC:PBMC ratio had 19 

significantly lower (p<0.05) CD4+ and CD8+ proliferation when compared with 1:20 and 1:50 ratios 20 

D 

B 

C 

A 

Figure 1. MSC expansion workflow and growth characteristics. (A) MSC characterization workflow from expanded 
cells to discover putative CQAs. (B) Population doubling level changes of three MSC lines over three passages.  
(C) MSC growth rate in doublings per day over three passages. (D) Log phase growth characteristics of each MSC 
line over the number of days in culture. 
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(Supplemental Figure 2 A-F). Although BM71 did suppress both CD4+ (except P1) and CD8+ T cells 1 

when compared to the positive control (p<0.05), they possessed different immunomodulatory 2 

capacities than the iMSCs and BM182 (CD4+ and CD8+ p<0.05) at the 1:10 ratio (Supplemental 3 

Figure 2G,H). Again, iMSCs consistently suppressed both CD4+ and CD8+ proliferation across all 4 

passages. BM182 P3 had significantly less CD4+ proliferation compared to P1 (p<0.05) and P2  5 
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D E F 

G H 

I J K 

A B C 

Figure 2. MSC functional capacity characterized by T-cell proliferation and IDO activity. MSCs were co-cultured with 

stimulated PBMCs at three different MSC:PBMC ratios (1:10, 1:20, 1:50). (A-C) CD4
+
 and (D-F) CD8

+
 T cell 

proliferation was assessed at each passage and ratio by % CFSE dilution. A 2-way ANOVA was used in order to 
determine if there was a significant difference from P1 within a ratio (*), a significant difference from the 1:10 ratio 

within a passage (#), or a significant difference from the stimulated control (dotted line)($)(P<0.05). (G) CD4
+
 and 

(H) CD8
+
 T cell proliferation comparing all cell lines and passages at the 1:10 ratio, and (I) IDO activity measured by 

L-kynurenine levels normalized to cell number and days in culture were analyzed using a one-way ANOVA with 
Tukey’s post hoc test to determine significance (P<0.05) . Linear regression of the relationship between IDO activity 

and (J) CD4
+
 and (K) CD8

+
 T cell proliferation. 

 1 
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(p<0.05). BM182 P3 also had significantly less CD8+ proliferation compared to P1 (p<0.05), was less 1 

than P2 although not technically significant (p=0.0597) (Supplemental Figure 2G,H).  2 

 3 

MSC IDO activity correlates with T cell proliferation  4 

IDO activity for each cell-line/passage group was quantified as another functional readout of MSC 5 

immunomodulatory capacity (Figure 2I). Similar to the T cell suppression results, iMSCs displayed 6 

high IDO activity (indicated by high levels of L-kynurenine) for all passages and BM71 had the lowest 7 

IDO activity for all cell-lines at each passage. IDO activity of BM182 increased from P1 to P2 (p<0.05) 8 

with P3 displaying the highest levels of L-kynurenine (P<0.05) compared to all other cell-lines. Linear 9 

regression was performed to determine the relationship between IDO activity and CD4+/CD8+ T cell 10 

proliferation (Figure 2J, K). IDO activity correlated with both CD4+ and CD8+ T cell proliferation 11 

(R2=0.75 and R2=0.79, respectively) for the 1:10 MSC:PBMC ratio. The second PBMC donor was 12 

consistent with the first PBMC donor, IDO activity and MSC suppression of CD4+/CD8+ T cells 13 

(R2=0.85 and R2=0.81, respectively) were positively correlated (i.e higher IDO activity means higher T 14 

cell suppression) (Supplemental Figure 3). 15 

 16 

NMR-based identification of MSC metabolic signatures 17 

For each cell-line/passage, the intracellular products were analyzed using NMR metabolomics 18 

profiling. The heat map of all detected metabolites shows that the overall metabolite signature was 19 

cell line specific with some passage differences observed within cell-lines (Figure 3A). As an 20 

unbiased way of looking at the metabolic signature of MSCs, we used unsupervised PCA to examine 21 

differences in the studied cell lines. Unsupervised PCA revealed distinct metabolic differences 22 

between the cell lines (Figure 3B). Different tissue donor sources clearly separated along PC1 with 23 

iMSC samples grouped together on the positive side of PC1 and the both BM cell lines on the 24 
 

iMSC P3 
iMSC P2 
iMSC P1 
BM71 P3 
BM71 P2 
BM71 P1 
BM182 P3 
BM182 P2 
BM182 P1 

A 

B C D 

Figure 3. MSC metabolic profile from NMR analysis. (A) Heat map of all 58 metabolites using Euclidian distance 
measure and ward clustering method. (B) Unsupervised PCA of all metabolites for each cell line at three passages 
(P1=circle, P2=triangle, P3=square). (C) One-way ANOVA comparison of average PC1 value. (D) One-way ANOVA 
comparison of average PC2 value. 
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negative side. iMSCs were significantly different (p<0.05) from BM71 and BM182 along PC1, but 1 

there were no observable differences between BM71 and BM182 (Figure 3C). BM182 separated from 2 

BM71 along PC2 at P3 (p<0.05), which is the passage at which BM182 showed significant functional 3 

improvement (Figure 3D). 4 

 5 

UPLC-MS-based identification of MSC metabolic signatures 6 

Additional cell pellet samples collected at the time of cell harvest for each cell line/passage were 7 

analyzed using UPLC-MS. As with NMR metabolic profiling results, the heat map for the 1368 8 

metabolite features showed clear differences in the metabolic profile between BM and iMSC cell 9 

lines, and between different passages within a given cell line (Figure 5A). Similar to what was 10 

observed in NMR, PCA of the 1368 UPLC-MS metabolites displayed a clear separation of all cell 11 

lines (Figure 5B). iMSCs separated from both BM71 and BM182 (p<0.05) along the PC1 axis, with no 12 

differences between BM71 and BM182 (Figure 5C). All cell lines were significantly different (p<0.05) 13 

from one another along PC2 (Figure 5D). There were no metabolomic profile differences between 14 

iMSC P3 

iMSC P2 

iMSC P1 

BM71 P3 

BM71 P2 

BM71 P1 

BM182 P3 

BM182 P2 

BM182 P1 

A B 

C D 

Figure 4. MSC metabolic profile from MS analysis. (A) Heat map of 1386 metabolites using Euclidian distance 
measure and ward clustering method. (B) Unsupervised PCA of all metabolites for each cell line at three passages 
(P1=circle, P2=triangle, P3=square). (C) One-way ANOVA comparison of average PC1 value. (D) One-way 
ANOVA comparison of average PC2 value. 
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passages within a cell line.    1 

 2 

Secreted cytokine profile of MSC conditioned media 3 

Conditioned media collected at the time of MSC harvest for each cell-line/passage was analyzed 4 

using Multi-Analyte Magnetic Luminex assay. The heatmap revealed variable cytokine expression 5 

from all cell lines (Figure 5A). Cytokines with similar functions clustered together, for example, CCL5 6 

and CCL2, both chemotactic cytokines for T-cells are clustered. Similarly, VEGF and angiopoietin, 7 

angiogenic growth factors, are clustered on the heat map. IL-8, IL-6 and cystatin C clustered closely 8 

with the chemotactic cytokines (Figure 5A). To examine cytokine signature difference among the cell 9 

lines using an unbiased approach, we performed PCA. The scores plot showed a distinct separation 10 

of cytokine profiles among cell-lines (Figure 5B). The cytokine profiles of the iMSCs grouped together 11 

at PC1 on the positive side, while the two BM cell lines were clustered on the negative side (p<0.05) 12 

iMSC P3 
iMSC P2 
iMSC P1 
BM71 P3 
BM71 P2 
BM71 P1 
BM182 P3 
BM182 P2 
BM182 P1 

A B 

C D 

Figure 5. MSC cytokine profile. (A) Heat map of all 12 measured cytokines using Euclidian distance measure and 
ward clustering method. (B) Unsupervised PCA of all cytokines for each cell line at three passages (P1=circle, 
P2=triangle, P3=square). (C) One-way ANOVA comparison of average PC1 value. (D) One-way ANOVA comparison 
of average PC2 value. 
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(Figure 5C). Differences were also observed within the iMSC line (P2 vs. P1/P3) and BM71 line (P1 1 

vs. P2/P3)(p<0.05) (Figure 5C). The first passage of iMSCs and BM71 were significantly different 2 

(p<0.05) from the later passages within their respective cell-line along PC2 (Fig 5D). BM182 showed 3 

no significant differences along PC2 (Fig 5D).  4 

 5 

Regression of identified metabolites to determine putative CQAs for predictive function 6 

Metabolites identified from NMR and MS were regressed with CD4+ and CD8+ T cell proliferation 7 

(Figure 6). Metabolites with strong positive or negative correlations (R2>0.50) were then used in order 8 

to reduce the data set and ordered based on the strongest correlation. Regression with PBMC Donor 9 

1 revealed strong correlations with multiple NMR metabolites. Myo-inositol had the highest R2 values 10 

for both CD4+ (R2=0.84) and CD8+ (R2=0.84) T cell proliferation as followed by unknown NMR 11 

metabolite 2 (ukNMR-2) (R2=0.82 and R2=0.77, respectively) (Figure 6A-C). To confirm these results, 12 

NMR metabolites were then regressed with PBMC Donor 2. Myo-inositol and ukNMR-2 correlated 13 

(R2=0.54 and R2=0.74, respectively) with CD4+ proliferation (Supplemental Figure 5). Regression with 14 

CD8+ proliferation showed very similar results to PBMC Donor 1 with myo-inositol and ukNMR-2 15 

having strong correlations (R2=0.81 and R2=0.88, respectively). Linear Regression with UPLC-MS 16 

metabolites also revealed multiple metabolites that correlated with function. From PBMC donor 1, the 17 

top two correlated metabolites for CD4+ and CD8+ proliferation were unknown MS metabolite 1349 18 

(ukM-1349) (R2=0.88 and R2=0.85, respectively) and phosphatidylcholine, PC(O-38:4) (R2=0.81 and 19 

R2=0.88, respectively) (Figure 6E-H). ukM-1349 and PC(O-38:4) both correlated with PBMC donor 2 20 

CD4+ (R2=0.64 and R2=0.55, respectively) and CD8+ (R2=0.87 and R2=0.83, respectively) T cell 21 

proliferation as well (Supplemental Figure 5). 22 

PLSR modeling of putative CQAs enables prediction of MSC functional capacity 23 

NMR LC-MS 
A B E F 

C D G H 

Figure 6. Linear regression analysis of the top correlated metabolites. (A,C) Myo-inositol and (B,D) ukNMR-2 had the 

highest R
2
 values for CD4

+
 and CD8

+
 T cell proliferation from NMR metabolites. (E,G) ukM-1349 and (F,H) PC(O-38:4) 

had the highest R
2
 values for CD4

+
 and CD8

+
 T cell proliferation from MS metabolites. The top 20 metabolites with the 

highest R
2
 values were then chosen for further modeling to discover putative CQAs. Red=iMSCs, Blue=BM71, 

Green=BM182 
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A composite functional score was created in order to assess each cell-line’s overall functional 1 

capacity due to varying levels of T cell activation from different PBMC donors (Figure 7A). All five 2 

functional outputs were plotted using PCA, and PC1 was then used as the composite functional score 3 

which accounted for 92.1% of the variance (Figure 7B,C). The top 20 correlated metabolites from 4 

linear regression analyses were then used to train the PLSR model. Features with VIP scores greater 5 

than 1 were selected: 6 NMR putative CQAs (Figure 7D), 7 MS putative CQAs (Figure 7E), 4 cytokine 6 

putative CQAs (Figure 7F), and 10 total putative CQAs when combining all data sets (Figure 7G) from 7 

each model respectively. PLSR was then retrained on each omics data set. NMR had the greatest R2 8 

value (R2=0.86) followed by MS (R2=0.83) and cytokines (R2=0.70) (Figure 7H-J). Combining these 9 

data sets showed high predictability (R2=0.88), but not distinguishably higher than NMR or MS alone. 10 

 11 

Discussion 12 

MSC therapies are currently being investigated due to their immunomodulatory properties, but 13 

translation to the clinic has been a challenge because of the heterogeneity of MSCs and a lack of 14 

CQAs that predict potency.4,33 Combinatorial, matrix-based approaches may help overcome these 15 

challenges by encompassing more than one functional metric since MSCs modulate the immune 16 

system using different mechanisms.10 In this study, we combined comprehensive metabolomics 17 

profiling with non-destructive cytokine profiling to determine several putative CQAs for assessing 18 

H I J K 

A B C 

D E F G 

Figure 7. PLSR modeling of important features elucidates candidate CQAs. (A-C) CD4
+
 and CD8

+
 T cell proliferation from two 

donors and IDO activity (5 total functional outputs) were analyzed using PCA. PC1 accounted for 92.1% of the variance and was 
then taken and used as a composite functional score for further predictive modeling. VIP scores were assigned to the top (D) NMR
(E) MS, (F) cytokines, and (G) a combination of all features based on PLSR modeling (H-K). The VIP molecules chosen are 
considered as putative CQAs. 
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MSC immunosuppressive capacity. Using a composite functional score, these putative CQAs were 1 

strongly correlated with MSC functional capacity. The approach outlined in this study takes large data 2 

sets that sample distinct cellular functions and identifies important features for MSC potency 3 

prediction. 4 

Cellular metabolism is a key regulator of MSC fate and immunomodulatory potency.15 Using an NMR 5 

based metabolomics approach, we found intracellular metabolites that positively and negatively 6 

correlated with MSC functional capacity. Amino acids such as serine and asparagine were significant 7 

based on a PLSR model with VIP selection. Serine has been shown to control the self-renewal of 8 

epidermal stem cells (EpdSCs). When extracellular serine is limited, EpdSCs activate de novo serine 9 

synthesis and promotes epidermal differentiation. Conversely, blocking serine synthesis facilitates 10 

malignant progression.34 Asparagine has been shown to regulate stem cell proliferation.35 11 

Additionally, depletion of asparagine in cell culture medium results in diminished cell growth.36 NN-12 

dimethylglycine, a derivative of the amino acid glycine, also positively correlated with MSC function. It 13 

is also a byproduct of the metabolism of choline. To our knowledge, there are no studies that 14 

demonstrate a relationship between NN-dimethylglycine and stem cell biology and thus further 15 

investigation is warranted. The role of myo-inositol is not known in cells, however myo-inositol is an 16 

important growth-promoting factor of mammalian cells, and possibly acts as an osmolyte.37,38 Myo-17 

inositol constitutes a component of membrane phospholipids and mediates osmoregulation.39 All the 18 

identified metabolites play essential roles in cell growth and facilitate cell proliferation although their 19 

role in MSC immunomodulatory capacity needs to be further investigated. 20 

MS-based metabolic profiling revealed 7 putative CQAs that were associated with MSC 21 

immunomodulatory potency. Four out of the 7 selected UPLC-MS CQAs were annotated as 22 

phosphatidylcholines (PCs), including PC(O-36:4), PC(O-38:4), and PC(O-32:0), and PC(O-34:0). PC 23 

constitutes a major portion of the cell membrane and play an important role in cellular reprogramming 24 

and signaling.40 The intermediate of PC synthesis or hydrolysis, lysophosphatidylcholines (LPCs), 25 

have been reported as markers for discriminating different MSC sources and could be related to 26 

differences in MSC differentiation capacity and immunomodulatory properties.26 The annotated PCs 27 

were observed to negatively correlate with MSC immunomodulatory capacity. Lower levels of PCs 28 

were detected in iMSCs at all passages and BM 182 at passage 3, which were the MSC groups that 29 

demonstrated higher immunosuppressive capacity. Furthermore, we discovered the 4 identified PCs 30 

group into 2 pairs (PC(O-38:4)/PC(O-36:4) and PC(O-34:0)/ PC(O-32:0)) sharing the same 31 

unsaturation degree and a difference of 2 carbons in their fatty acid chain composition, suggesting an 32 

underlying, yet unexplained, connection of those PC in their biosynthesis pathway. Increases in 33 

unsaturation levels of polyunsaturated PCs may alter membrane fluidity and hence can contribute to 34 

changes in MSC morphology, which has also been shown to predict MSC function.41,42,43 However, to 35 

date, the biological role of PCs in stem cell metabolism at the fatty acid chain level is still poorly 36 

understood.  37 

MSCs have also been shown to have beneficial effects by secreting proteins to modulate cell 38 

behavior in regenerative medicine and health applications.44–46 For this study, cytokines that span 39 

multiple MSC functions of angiogenesis, tissue repair, and recruitment of immune cells were 40 

quantified.47 The amount of each secreted cytokine/growth factor was investigated in a non-41 

destructive manner to enable monitoring of temporal changes due to cell secretion, media changes 42 

during expansion and passaging, as well as cell uptake through autocrine or paracrine signaling. 43 

Cytokine profiling in MSCs has been described in the literature as a metric of MSC functionality, with 44 

certain secreted cytokines upregulated in MSCs, and other cytokines unchanged or reduced, and 45 

secreted in multiple cell lines and donors.10,48 By investigating levels of cytokines in MSC culture 46 

media in conjunction with metabolites and T cell suppression, we have developed an assay matrix for 47 
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predicting MSC potency for immunomodulation. Besides serving as potential effectors of MSC 1 

immunomodulatory function, the cytokines profiled in this study have also been shown to directly 2 

impact MSC behavior.49,50  A potential function is priming of MSCs, where MSCs are conditioned with 3 

specific cytokines to increase their immunomodulatory properties.10 Priming may be efficacious in 4 

instances where there is low MSC survival potential ex vivo or differences in sources and donor 5 

reduces effectiveness of MSC for use in regenerative and immunomodulatory applications.  MSC 6 

priming using our in-process cytokines and culture conditions can be used to develop substrates or 7 

engineered tissue for regenerative medicine.51 Also, non-destructive monitoring of secreted factors in 8 

spent media could potentially serve as CQAs for large scale MSC manufacturing (in bioreactors, for 9 

example).  MSC-secreted cytokines can regulate MSC function both in an autocrine and paracrine 10 

manner. For example, the binding of secreted IL-8 to its receptor CXCR1 or CXCR2 can activate 11 

intracellular PI3K, MAPK, Akt phosphorylation and initiate functions of cell survival, angiogenesis and 12 

cell migration.52 In contrast, targeted ablation of secreted cytokines such as IL-6, either by gene 13 

silencing or inhibition, led to reduced MSC proliferation and reduced capacity of MSCs to suppress T 14 

cell proliferation.53 Ultimately, studying this crosstalk between MSCs and secreted cytokine may be a 15 

relevant aspect of MSC expansion for manufacturing. 16 

It is well documented that MSC functional heterogeneity is derived from differences in donor/tissue 17 

source, MSC doubling level, and manufacturing conditions.33,54 Being able to understand and predict 18 

these differences is a challenge that needs to be addressed in order to advance MSC therapies. 19 

Knowing what to measure can help screen for high potency MSCs and assess when these MSCs 20 

begin to lose potency due to senescence.42,55,56 Our multi-omics approach elucidated several 21 

correlative features that, when used in combination, were indicative of MSC potency and were able to 22 

predict an increase in potency in the BM182 line. IL-6 and IL-8 are both inflammatory cytokines that 23 

recruit immune cells such as T cells, neutrophils, and macrophages. They have also been shown to 24 

inhibit T cell apoptosis and regulatory T cell differentiation.57–59 Higher levels of these cytokines were 25 

secreted by less potent lines (BM71). Although the role of PCs in MSCs on immunomodulatory 26 

capacity is largely unknown, studies have shown that oxidized phospholipids, such as PCs, play a 27 

role in preventing the activation of T cells and dendritic cells as well as mediate apoptosis.60–63 28 

Apoptosis of MSCs by cytotoxic T cells has been shown to play an important role in their 29 

immunomodulatory capacity64. Myo-inositol and serine’s role in MSC immune suppression has not 30 

been investigated to this point, but soluble myo-inositol has been shown to be effective in treating 31 

autoimmune diseases such as thyroiditis and hypothyroidism.65 Further investigation into the 32 

pathways involving these metabolites will improve our understanding of how MSCs modulate the 33 

immune system. 34 

Effective prediction of MSC potency is an important factor in manufacturing high quality therapies. 35 

Predicting MSC functional capacity has been a major challenge because MSCs can exert their 36 

immunomodulatory effects through a number of different mechanisms and immune cells. Therefore, 37 

using a combination of cell metabolites and secreted cytokines can help better predict MSC potency 38 

and set specific CQAs to aid in process by design cell manufacturing systems.2,4,10,66 Our study used 39 

a combination of metabolites and cytokines in order to better predict MSC potency. These are easy to 40 

target and measure for manufacturing and understanding how these metabolites affect cell function 41 

can help refine and improve the manufacturing process. This approach of CQA discovery and 42 

understanding can also be translated into other cell therapies such as chimeric antigen receptor T-cell 43 

(CAR-T), iPSCs, neural stem cells, and even MSC-derived extracellular vesicles. Moving forward, 44 

interrogating pathways that involve these metabolites will be important for assay development and 45 

better understanding the relationship of MSC metabolism with immunomodulation. Non-destructive, 46 

in-process monitoring of MSC metabolism using conditioned medium will also enable on-demand, 47 
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precise control of MSC manufacturing. Finally, this discovery platform can be used to establish MSC 1 

CQAs for other therapeutic applications involving differentiation (e.g. osteo-, adipo-, and 2 

chondrogenesis) and tissue engineering, cancer treatment, and angiogenesis. 3 
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mononuclear cell (PBMC); The International Society for Cell and Gene Therapy (ISCT); indoleamine 6 

2,3-dioxygenase (IDO); oxidative phosphorylation (OXPHOS); nuclear magnetic resonance (NMR); 7 

mass spectrometry (MS); gas chromatography (GC); ultra-performance liquid chromatography 8 

(UPLC); partial least squares regression (PLSR); variable importance projection (VIP); interferon 9 

gamma (IFN-γ); one dimensional nuclear Overhauser enhancement spectroscopy with water 10 

suppression (1D-NOESY PR); correlation optimized wrapping (COW); probabilistic quotient 11 

normalization (PQN); heteronuclear single quantum coherence (HSQC); HSQC-total correlated 12 

spectroscopy (HSQC-TOCSY); hydrophilic interaction chromatography (HILIC); data-dependent 13 

acquisition (DDA); normalized collision energy (NCE); principal component analysis (PCA); 14 

phosphatidylcholines (PCs); unknown NMR metabolite n (ukNMR-n); unknown MS metabolite n 15 

(ukM-n); epidermal stem cells (EpdSCs); chimeric antigen receptor T-cell (CAR-T) 16 

 17 

Acknowledgements: 18 

The authors thank Julie Nelson and the University of Georgia CTEGD Cytometry Shared Resource 19 

Laboratory for providing equipment and expertise and the Center for Undergraduate Research 20 

(CURO) at the University of Georgia for supporting Jon McRae III. NSF EEC-1648035 funded this 21 

work. All illustrations were made using biorender.com. FMF also acknowledges support from NSF 22 

MRI CHE-1726528. ASE and SS acknowledge support from the Georgia Research Alliance. 23 

 24 

Funding: 25 

This work is supported by the National Science Foundation under Cooperative Agreement No. EEC-26 

1648035 27 

Dataset: 28 

Detailed experimental NMR methods, as well as all raw and processed data are available on the 29 

Metabolomics Workbench (http://www.metabolomicsworkbench.org/), DataTrack ID: 2519. 30 

Author Contributions: 31 

Conception and design of the study: TM, XS, DH, WAS, MOP, FF, AE, RM, SS. Acquisition of data: 32 

TM, XS, DH, WAS, AOAM, JM, SA. Analysis and interpretation of data: TM, XS, DH, AOAM, MOP, 33 

FF, AE, RM, SS. Drafting or revising the manuscript: TM, XS, DH, AOAM, MP, FF, AE, RM, SS. All 34 

authors have revised and approved the final article. 35 

 36 

Declaration of Interest: 37 

RoosterBio provided a discount for the MSC lines purchased. 38 

 39 

References 40 

1. Castro-Manrreza, M. E. & Montesinos, J. J. Immunoregulation by mesenchymal stem cells: 41 

Biological aspects and clinical applications. J. Immunol. Res. 2015, (2015). 42 

2. Galipeau, J. et al. International Society for Cellular Therapy perspective on immune functional 43 

assays for mesenchymal stromal cells as potency release criterion for advanced phase clinical 44 

trials. Cytotherapy 18, 151–159 (2015). 45 

3. Olsen, T. R., Ng, K. S., Lock, L. T., Ahsan, T. & Rowley, J. A. Peak MSC-Are we there yet? 46 

Frontiers in Medicine vol. 5 (2018). 47 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 11, 2021. ; https://doi.org/10.1101/2021.05.10.440010doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.10.440010
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

 

 

18

4. ROBB, K. P., FITZGERALD, J. C., BARRY, F. & VISWANATHAN, S. Mesenchymal stromal cell 1 

therapy: progress in manufacturing and assessments of potency. Cytotherapy 21, 289–306 2 

(2019). 3 

5. de Wolf, C., van de Bovenkamp, M. & Hoefnagel, M. Regulatory perspective on in vitro potency 4 

assays for human mesenchymal stromal cells used in immunotherapy. Cytotherapy vol. 19 5 

784–797 (2017). 6 

6. Guan, Q., Li, Y., Shpiruk, T., Bhagwat, S. & Wall, D. A. Inducible indoleamine 2,3-dioxygenase 7 

1 and programmed death ligand 1 expression as the potency marker for mesenchymal stromal 8 

cells. Cytotherapy 20, 639–649 (2018). 9 

7. Bernardo, M. E. & Fibbe, W. E. Mesenchymal stromal cells: Sensors and switchers of 10 

inflammation. Cell Stem Cell vol. 13 392–402 (2013). 11 

8. Shi, Y. et al. How mesenchymal stem cells interact with tissue immune responses. Trends in 12 

Immunology vol. 33 136–143 (2012). 13 

9. Keating, A. Mesenchymal stromal cells: New directions. Cell Stem Cell vol. 10 709–716 (2012). 14 

10. Chinnadurai, R. et al. Potency Analysis of Mesenchymal Stromal Cells Using a Combinatorial 15 

Assay Matrix Approach. Cell Rep. 22, 2504–2517 (2018). 16 

11. Kamota, T. et al. Ischemic Pre-Conditioning Enhances the Mobilization and Recruitment of 17 

Bone Marrow Stem Cells to Protect Against Ischemia/Reperfusion Injury in the Late Phase. J. 18 

Am. Coll. Cardiol. 53, 1814–1822 (2009). 19 

12. Afzal, M. R. et al. Preconditioning Promotes Survival and Angiomyogenic Potential of 20 

Mesenchymal Stem Cells in the Infarcted Heart via NF-kB Signaling. 21 

www.liebertonline.com=ars. 22 

13. Shi, R. Z., Wang, J. C., Huang, S. H., Wang, X. J. & Li, Q. P. Angiotensin II induces vascular 23 

endothelial growth factor synthesis in mesenchymal stem cells. Exp. Cell Res. 315, 10–15 24 

(2009). 25 

14. Mattar, P. & Bieback, K. Comparing the immunomodulatory properties of bone marrow, adipose 26 

tissue, and birth-associated tissue mesenchymal stromal cells. Frontiers in Immunology vol. 6 27 

(2015). 28 

15. Liu, Y. & Ma, T. Metabolic regulation of mesenchymal stem cell in expansion and therapeutic 29 

application. Biotechnol. Prog. 31, 468–481 (2015). 30 

16. Liu, Y., Yuan, X., Muñoz, N., Logan, T. M. & Ma, T. Commitment to Aerobic Glycolysis Sustains 31 

Immunosuppression of Human Mesenchymal Stem Cells. Stem Cells Transl. Med. 8, 93–106 32 

(2019). 33 

17. Yuan, X., Logan, T. M. & Ma, T. Metabolism in human mesenchymal stromal cells: A missing 34 

link between HMSC biomanufacturing and therapy? Frontiers in Immunology vol. 10 977 35 

(2019). 36 

18. Goodarzi, P. et al. I IJ JM MC CM M Metabolomics Analysis of Mesenchymal Stem Cells. 37 

(2019). 38 

19. Dunn, W. B., Bailey, N. J. C. & Johnson, H. E. Measuring the metabolome: Current analytical 39 

technologies. Analyst vol. 130 606–625 (2005). 40 

20. Theodoridis, G. A., Gika, H. G., Want, E. J. & Wilson, I. D. Liquid chromatography-mass 41 

spectrometry based global metabolite profiling: A review. Anal. Chim. Acta 711, 7–16 (2012). 42 

21. Jiye, A. et al. Extraction and GC/MS analysis of the human blood plasma metabolome. Anal. 43 

Chem. 77, 8086–8094 (2005). 44 

22. Vorkas, P. A. et al. Untargeted UPLC-MS profiling pipeline to expand tissue metabolome 45 

coverage: Application to cardiovascular disease. Anal. Chem. 87, 4184–4193 (2015). 46 

23. Want, E. J. et al. Global metabolic profiling procedures for urine using UPLC-MS. Nat. Protoc. 47 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 11, 2021. ; https://doi.org/10.1101/2021.05.10.440010doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.10.440010
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

 

 

19

5, 1005–1018 (2010). 1 

24. Fei, F., Bowdish, D. M. E. & McCarry, B. E. Comprehensive and simultaneous coverage of lipid 2 

and polar metabolites for endogenous cellular metabolomics using HILIC-TOF-MS. Anal. 3 

Bioanal. Chem. 406, 3723–3733 (2014). 4 

25. Abdul-Hamid, N. A. et al. NMR metabolomics for evaluating passage number and harvesting 5 

effects on mammalian cell metabolome. Anal. Biochem. 576, 20–32 (2019). 6 

26. Lee, S. J. et al. Comparative study on metabolite level in tissue-specific human mesenchymal 7 

stem cells by an ultra-performance liquid chromatography quadrupole time of flight mass 8 

spectrometry. Anal. Chim. Acta 1024, 112–122 (2018). 9 

27. Carpenter, A. E. et al. CellProfiler: Image analysis software for identifying and quantifying cell 10 

phenotypes. Genome Biol. 7, (2006). 11 

28. Delaglio, F. et al. NMRPipe: A multidimensional spectral processing system based on UNIX 12 

pipes. J. Biomol. NMR 6, 277–293 (1995). 13 

29. Kumar, K., Schweiggert, R. & Patz, C.-D.  Introducing a novel procedure for peak alignment in 14 

one-dimensional 1 H-NMR spectroscopy: a prerequisite for chemometric analyses of wine 15 

samples . Anal. Methods 12, 3626–3636 (2020). 16 

30. Dieterle, F., Ross, A., Schlotterbeck, G. & Senn, H. Probabilistic quotient normalization as 17 

robust method to account for dilution of complex biological mixtures. Application in1H NMR 18 

metabonomics. Anal. Chem. 78, 4281–4290 (2006). 19 

31. Bingol, K., Li, D. W., Zhang, B. & Brüschweiler, R. Comprehensive metabolite identification 20 

strategy using multiple two-dimensional NMR spectra of a complex mixture implemented in the 21 

COLMARm web server. Anal. Chem. 88, 12411–12418 (2016). 22 

32. Walejko, J. M., Chelliah, A., Keller-Wood, M., Gregg, A. & Edison, A. S. Global metabolomics of 23 

the placenta reveals distinct metabolic profiles between maternal and fetal placental tissues 24 

following delivery in non-labored women. Metabolites 8, (2018). 25 

33. Wilson, A., Hodgson-Garms, M., Frith, J. E. & Genever, P. Multiplicity of mesenchymal stromal 26 

cells: Finding the right route to therapy. Frontiers in Immunology vol. 10 1112 (2019). 27 

34. Baksh, S. C. et al. Extracellular serine controls epidermal stem cell fate and tumour initiation. 28 

Nat. Cell Biol. 22, 779–790 (2020). 29 

35. Luo, M., Brooks, M. & Wicha, M. S. Asparagine and Glutamine: Co-conspirators Fueling 30 

Metastasis. Cell Metabolism vol. 27 947–949 (2018). 31 

36. Palmer, E. E. et al. Asparagine Synthetase Deficiency causes reduced proliferation of cells 32 

under conditions of limited asparagine. Mol. Genet. Metab. 116, 178–186 (2015). 33 

37. Polito, L., Laganà, A. S. & Chhetri, D. R. Myo-Inositol and Its Derivatives: Their Emerging Role 34 

in the Treatment of Human Diseases. (2019) doi:10.3389/fphar.2019.01172. 35 

38. Jansen, J. F. A. et al. Stem cell profiling by nuclear magnetic resonance spectroscopy. Magn. 36 

Reson. Med. 56, 666–670 (2006). 37 

39. Biology of Inositols and Phosphoinositides. vol. 39 (Springer US, 2006). 38 

40. Ridgway, N. D. The role of phosphatidylcholine and choline metabolites to cell proliferation and 39 

survival. Critical Reviews in Biochemistry and Molecular Biology vol. 48 20–38 (Taylor & 40 

Francis, 2013). 41 

41. Meissen, J. K. et al. Induced Pluripotent Stem Cells Show Metabolomic Differences to 42 

Embryonic Stem Cells in Polyunsaturated Phosphatidylcholines and Primary Metabolism. PLoS 43 

One 7, (2012). 44 

42. Klinker, M. W., Marklein, R. A., Lo Surdo, J. L., Wei, C. H. & Bauer, S. R. Morphological 45 

features of IFN-γ-stimulated mesenchymal stromal cells predict overall immunosuppressive 46 

capacity. Proc. Natl. Acad. Sci. U. S. A. 114, E2598–E2607 (2017). 47 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 11, 2021. ; https://doi.org/10.1101/2021.05.10.440010doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.10.440010
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

 

 

20

43. Sohn, J., Lin, H., Fritch, M. R. & Tuan, R. S. Influence of cholesterol/caveolin-1/caveolae 1 

homeostasis on membrane properties and substrate adhesion characteristics of adult human 2 

mesenchymal stem cells. Stem Cell Res. Ther. 9, 86 (2018). 3 

44. Pittenger, M. F. et al. Mesenchymal stem cell perspective: cell biology to clinical progress. npj 4 

Regenerative Medicine vol. 4 1–15 (2019). 5 

45. Musiał-Wysocka, A., Kot, M. & Majka, M. The Pros and Cons of Mesenchymal Stem Cell-Based 6 

Therapies. doi:10.1177/0963689719837897. 7 

46. Parekkadan, B. & Milwid, J. M. Mesenchymal Stem Cells as Therapeutics. (2010) 8 

doi:10.1146/annurev-bioeng-070909-105309. 9 

47. Samsonraj, R. M. et al. Concise Review: Multifaceted Characterization of Human Mesenchymal 10 

Stem Cells for Use in Regenerative Medicine. Stem Cells Transl. Med. 6, 2173–2185 (2017). 11 

48. Park, C. W. et al. Cytokine secretion profiling of human mesenchymal stem cells by antibody 12 

array. Int. J. Stem Cells 2, 59–68 (2009). 13 

49. Lacey, D. C., Simmons, P. J., Graves, S. E. & Hamilton, J. A. Proinflammatory cytokines inhibit 14 

osteogenic differentiation from stem cells: implications for bone repair during inflammation. 15 

Osteoarthr. Cartil. 17, 735–742 (2009). 16 

50. Leuning, D. G. et al. The cytokine secretion profile of mesenchymal stromal cells is determined 17 

by surface structure of the microenvironment. Sci. Rep. 8, 1–9 (2018). 18 

51. Noronha Nc, N. D. C. et al. Priming approaches to improve the efficacy of mesenchymal 19 

stromal cell-based therapies. Stem Cell Research and Therapy vol. 10 (2019). 20 

52. Yang, A. et al. IL-8 Enhances Therapeutic Effects of BMSCs on Bone Regeneration via 21 

CXCR2-Mediated PI3k/Akt Signaling Pathway. Cell. Physiol. Biochem. 48, 361–370 (2018). 22 

53. Dorronsoro, A. et al. Intracellular role of IL-6 in mesenchymal stromal cell immunosuppression 23 

and proliferation. Sci. Rep. 10, 21853 (2020). 24 

54. Kern, S., Eichler, H., Stoeve, J., Klüter, H. & Bieback, K. Comparative Analysis of Mesenchymal 25 

Stem Cells from Bone Marrow, Umbilical Cord Blood, or Adipose Tissue. Stem Cells 24, 1294–26 

1301 (2006). 27 

55. Killer, M. C. et al. Immunosuppressive capacity of mesenchymal stem cells correlates with 28 

metabolic activity and can be enhanced by valproic acid. Stem Cell Res. Ther. 8, 100 (2017). 29 

56. Turinetto, V., Vitale, E. & Giachino, C. Senescence in human mesenchymal stem cells: 30 

Functional changes and implications in stem cell-based therapy. International Journal of 31 

Molecular Sciences vol. 17 1164 (2016). 32 

57. Anton, K., Banerjee, D. & Glod, J. Macrophage-Associated Mesenchymal Stem Cells Assume 33 

an Activated, Migratory, Pro-Inflammatory Phenotype with Increased IL-6 and CXCL10 34 

Secretion. PLoS One 7, e35036 (2012). 35 

58. Rose-John, S. Il-6 trans-signaling via the soluble IL-6 receptor: Importance for the 36 

proinflammatory activities of IL-6. International Journal of Biological Sciences vol. 8 1237–1247 37 

(2012). 38 

59. Harada, A. et al. Essential involvement of interleukin-8 (IL-8) in acute inflammation. in Journal 39 

of Leukocyte Biology vol. 56 559–564 (Federation of American Societies for Experimental 40 

Biology, 1994). 41 

60. Seyerl, M. et al. Oxidized phospholipids induce anergy in human peripheral blood T cells. Eur. 42 

J. Immunol. 38, 778–787 (2008). 43 

61. Serbulea, V., DeWeese, D. & Leitinger, N. The effect of oxidized phospholipids on phenotypic 44 

polarization and function of macrophages. Free Radical Biology and Medicine vol. 111 156–168 45 

(2017). 46 

62. Blüml, S. et al. Oxidized Phospholipids Negatively Regulate Dendritic Cell Maturation Induced 47 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 11, 2021. ; https://doi.org/10.1101/2021.05.10.440010doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.10.440010
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

 

 

21

Supplemental Table 1. PBMC co-culture assay antibodies and flow cytometer information. 
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 18 

Laser EM Filter Marker Color / 
Format 

Host / 
Target 

Isotype Clone Company Catalog 

638 780/30 CD4 APC/Fire 
Mouse 
anti-
Human 

IgG1 κ  RPA-T4 BioLegend 
67-0047-
T025 

638 660/20 CD8 APC 
Mouse 
anti-
Human 

IgG1 CN9V1 BioLegend orb248718 

488 525/40 CFSE CFSE N/A N/A N/A BioLegend 423801 

405 610/20 
Zombie 
Yellow 

Zombie 
Yellow 

N/A anti-
All 
Species 

N/A N/A BioLegend 423104 

 19 

 20 

 21 

A DB C E 

Supplemental Figure 1. FlowJo gating strategy. Cellular debris and Dynabeads (A) were first removed followed by 

cell doublets (B). Using FMO controls, live cells (C) were then gated and used to determine CD4
+
 and CD8

+
 T cell 

populations (D). Negative control PBMCs (No stimulation, no MSCs) were then used for the CFSE dilution gate (E). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 11, 2021. ; https://doi.org/10.1101/2021.05.10.440010doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.10.440010
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

 

 

22

 1 

 2 

 3 

 4 

 5 

HILIC Separation Method 

Time (min) A B 
Flow rate 
(ml/min) Curve 

Supplemental Figure 2. The correlation map of 100 unknown NMR features. We assume that correlation coefficient 
values greater or equal to 0.8 indicating those features are from same metabolite and grouped together as Indicated 
by green box in the figure.  The features with correlation coefficient value less than 0.8, we considered them as 
individual metabolites. Total 100 unknown features were grouped to 29 unknown metabolites. 
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Supplemental Table 2. Methods information. Chromatographic gradient for HILIC method: mobile 
phase A was water/acetonitrile (95:5 v/v), with 10 mM ammonium acetate and 0.05% ammonium 
hydroxide, and B was acetonitrile with 0.05% ammonium hydroxide. Both ionization modes utilized 
identical mobile phases and identical chromatographic gradients.  

0 5 95 0.4 5 

0.5 5 95 0.4 6 

9 70 30 0.4 6 

9.4 70 30 0.4 6 

9.5 5 95 0.4 6 

11 5 95 0.4 6 

12 5 95 0.4 6 

 1 

Analyte Function 

Angiopoietin-1 Promote angiogenesis and vascular 
growth 

CCL2/MCP-1 Recruits immune cells to sites of 
inflammation 

Cystatin C Inhibitor of cysteine cathepsin proteases 

IL-8/CXCL8 Stimulates neutrophil migration and 
phagocytosis 

PDGF-AA Cell growth, differentiation and survival 

Cathepsin S Proteolysis, antigen presentation, 
extracellular functions 
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Supplemental Table 3. List of all cytokines measured and their corresponding function. 
 

Supplemental Table 4. PDL and doublings per day values of each cell line at each passage. 
 

CCL5/RANTES Recruits immune cells to sites of 
inflammation 

FGF basic Numerous, cell growth and development, 
embryonic development 

IL-6 Numerous, pro-inflammatory signaling 

Osteopontin/OPN Cell migration, adhesion and survival 

VEGF Encourages formation of blood vessels 

G-CSF Stimulates granulocyte and stem cell 
production and release 

 1 

Cell Line/Passage Population Doubling 
Level (PDL) 

Doublings per Day 

iMSC P1 5.7 0.63 

iMSC P2 11.7 0.74 

iMSC P3 17.1 0.68 

BM71 P1 3.9 0.56 

BM71 P2 8.6 0.67 

BM71 P3 12.7 0.59 

BM182 P1 4.1 0.59 

BM182 P2 7.9 0.47 

BM182 P3 11.5 0.45 

 2 
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 1 

 2 

Metabolite 
Confidence 
Score 

CD4  
Proliferation 
PBMC D1 p 
value 

CD8  
Proliferation 
PBMC D1 p 
value 

CD4  
Proliferation 
PBMC D2 p 
value 

CD8  
Proliferation 
PBMC D2 p 
value 

1,3-
diaminopropane 3 0.0455 0.0554 0.3778 0.0565 
1,3-propanediol 3 0.7056 0.7567 0.7913 0.5208 
alanine 4 0.0304 0.0389 0.3416 0.0535 
asparagine 4 0.0021 0.0026 0.0963 0.029 
aspartic acid 4 0.4647 0.5197 0.9916 0.3624 
beta-alanine 4 0.0243 0.0293 0.2331 0.0225 
betaine 4 0.5911 0.616 0.7034 0.6191 
glucose 4 0.5637 0.6228 0.8347 0.4985 
threitol 3 0.044 0.0572 0.3073 0.0579 
glutamate 4 0.039 0.0496 0.3276 0.0542 
glutamine 4 0.0016 0.0024 0.0612 0.0019 
glycine 4 0.0205 0.023 0.1952 0.0152 
hypotaurine 4 0.0162 0.0177 0.1662 0.0106 
hypoxanthine 4 0.4121 0.3892 0.2808 0.6632 
isoleucine 4 0.1163 0.1265 0.5603 0.2372 
L-pyroglutamic 
acid 3 0.156 0.1464 0.1692 0.3623 
lactate 4 0.048 0.0597 0.346 0.0472 
leucine 4 0.0005 0.0005 0.0238 0.001 
myo-inositol 4 0.0028 0.0027 0.0394 0.003 
NN-
dimethylglycine 4 0.0895 0.0929 0.1941 0.2148 
phenylalanine 4 0.0043 0.0068 0.0359 0.0033 
phosphocreatine 4 0.0061 0.0077 0.1935 0.0173 
putrescine 3 0.0169 0.0193 0.0434 0.103 
serine 4 0.0124 0.0133 0.1136 0.0066 
taurine 4 0.5886 0.6509 0.8277 0.5039 
threonine 4 0.0102 0.0129 0.2188 0.0264 
tyrosine 4 0.1816 0.1779 0.203 0.3715 
valine 4 0.1328 0.1206 0.0546 0.2482 
ukNMR-1 / 0.0751 0.0736 0.0017 0.0282 
ukNMR-2 / 0.0008 0.002 0.003 0.0002 
ukNMR-3 / 0.6171 0.5474 0.3233 0.8212 
ukNMR-4 / 0.0389 0.0484 0.3705 0.0662 
ukNMR-5 / 0.0422 0.0524 0.2953 0.0353 
ukNMR-6 / 0.1612 0.1993 0.597 0.1639 
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 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

ukNMR-7 / 0.2288 0.2586 0.7817 0.2074 
ukNMR-8 / 0.245 0.2823 0.6771 0.1873 
ukNMR-9 / 0.1499 0.1824 0.6002 0.1693 
ukNMR-10 / 0.0442 0.055 0.1646 0.0148 
ukNMR-11 / 0.9659 0.9898 0.2329 0.6817 
ukNMR-12 / 0.1519 0.1857 0.3297 0.0739 
ukNMR-13 / 0.6154 0.7216 0.9032 0.536 
ukNMR-14 / 0.1316 0.1298 0.0288 0.0916 
ukNMR-15 / 0.2037 0.2246 0.7016 0.2187 
ukNMR-16 / 0.0748 0.094 0.3894 0.08 
ukNMR-17 / 0.1686 0.2018 0.7266 0.2693 
ukNMR-18 / 0.5793 0.5728 0.831 0.4587 
ukNMR-19 / 0.0916 0.1357 0.229 0.2903 
ukNMR-20 / 0.9493 0.9817 0.8399 0.7014 
ukNMR-21 / 0.0133 0.0159 0.099 0.0076 
ukNMR-22 / 0.0219 0.0259 0.1993 0.0209 
ukNMR-23 / 0.0699 0.078 0.1697 0.0222 
ukNMR-24 / 0.1738 0.2047 0.7233 0.2166 
ukNMR-25 / 0.035 0.0434 0.358 0.0482 
ukNMR-26 / 0.0083 0.0106 0.0621 0.0019 
ukNMR-27 / 0.0821 0.1035 0.4364 0.0831 
ukNMR-28 / 0.0397 0.0516 0.2819 0.0379 
ukNMR-29 / 0.0638 0.0706 0.1925 0.0244 

Supplemental Table 5. NMR identified metabolites, confidence scores and p- values from linear 
regression model. The metabolites were assigned a confidence level ranging from 1 to 5 according to 

published criteria.
32
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A B C 

D E F 

G H 

Supplemental Figure 3. T cell proliferation assay using a second PBMC donor. MSCs were co-cultured with 

stimulated PBMCs at three different MSC:PBMC ratios (1:10, 1:20, 1:50). (A-C) CD4
+
 and (D-F) CD8

+
 T cell 

proliferation was assessed at each passage and ratio by % CFSE dilution. A 2-way ANOVA was used in order to 
determine if there was a significant difference from P1 within a ratio (*), a significant difference from the 1:10 ratio 

within a passage (#), or a significant difference from the stimulated control (dotted line)($) (P<0.05). (G) CD4
+
 and (H) 

CD8
+
 T cell proliferation comparing all cell lines and passages at the 1:10 ratio 
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 1 

A B 

Supplemental Figure 4. Regression of IDO activity and T cell proliferation with a second PBMC donor. Linear 

regression of the relationship between IDO activity and (A) CD4
+
 and (B) CD8

+
 T cell proliferation. 

NMR LC-MS 
A B E F 

C D G H 

Supplemental Figure 5. Linear regression analysis of the top correlated metabolites with PBMC donor 2. (A,C) Myo-
inositol, (B,D) ukNMR-2, (E,G) ukM-1349, and (F,H) PC(O-38:4) all correlated with CD4

+
 and CD8

+
 T cell proliferation 

for both PBMC donors. 
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