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Abstract 
Cytokine(s) pre-activation/licensing is an effective way to enhance the immunomodulatory potency of mesenchymal stromal cells (MSCs). 
Currently, IFN-γ licensing received the most attention in comparison with other cytokines.
After licensing human bone marrow-derived MSCs with pro-/anti-inflammatory cytokines IFN-γ, IL-1β, TNF-α, TGF-β1 alone or in combination, the 
in vitro immunomodulatory potency of these MSCs was studied by incubating with allogeneic T cells and macrophage-like THP-1 cells. In addi-
tion, immunomodulation-related molecules filtered by bioinformatics, complement 1 subcomponent (C1s), and interferon-induced GTP-binding 
protein Mx2 (MX2), were studied to verify whether to reflect the immunomodulatory potency.
Herein, we reported that different cytokines cause different effects on the function of MSC. While TGF-β1 licensing enhances the capacity of 
MSCs to induce T cells with an immunosuppressive phenotype, IFN-γ-licensing strengthens the inhibitory effect of MSC on T cell proliferation. 
Both TGF-β1 and IFN-γ licensing can enhance the effect of MSC on reducing the expression of pro-inflammatory cytokines by M1 macrophage-
like THP-1 cells. Interestingly, IFN-γ upregulates potential potency markers extracellular C1s and kynurenine (KYN) and intracellular MX2. These 
3 molecules have the potential to reflect mesenchymal stromal cell immunomodulatory potency. In addition, we reported that there is a syner-
gistic effect of TGF-β1 and IFN-γ in immunomodulation.
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Graphical Abstract 

Significance statement
This study first revealed different licensing strategies for strengthened mesenchymal stromal cell immunomodulation. Transforming 
growth factor β1 and interferon-γ licensing can strengthen the immunomodulatory capacity of mesenchymal stromal cells from different 
pathways respectively. Then the study selected 2 genes from open open-access dataset and 3 evidence-based markers to verify whether 
these are involved in mesenchymal stromal cell activation. The study also found indoleamine 2,3-dioxygenase-1-secreted kynurenine was 
highly related to the mesenchymal stromal cell immunomodulatory property. Finally, Interferon-γ can upregulate the selected markers but 
TGF-β1 cannot, which suggests TGF-β1 probably has a different pathway to strengthen the immunomodulatory capacity.

Introduction
Currently, mesenchymal stromal cells (MSCs) are being 
investigated for their potential as novel immunosuppressive1,2 
and anti-inflammatory3-5 treatments. Briefly, in terms of mech-
anism, MSCs are shown to inhibit T-cell proliferation6 and 
also promote regulatory T cells (Tregs).7 Moreover, MSCs also 
can polarize macrophages to M2-like anti-inflammatory phe-
notype.8 Due to these immunomodulatory properties MSCs 
were applied in many clinical trials,9 however, their limited 
therapeutic efficacy in patients10 has prevented a more wide-
spread application. Therefore, alternative techniques need to 
be developed to make MSCs more efficacious and to identify 
MSCs with higher therapeutic potential.

Licensing, which is also known as cytokine-activating, 
is a convenient and effective way to enhance the 
immunomodulatory potential of MSCs.11,12 It was reported 
that IFN-γ, a pro-inflammatory cytokine, can induce MSCs 
to be more immunomodulatory.11 IFN-γ licensing was 
verified to enhance the inhibitory effect of MSC on T-cell 
proliferation. Currently, researchers have primarily prepared 

good manufacturing practice manufactured IFN-γ licensed 
MSCs for clinical trials.13 Besides, other pro-inflammatory 
cytokines like IL-1β14,15 and TNF-α16,17 were also studied to 
enhance the potency of MSCs. Lastly, in addition to pro-
inflammatory cytokines, our previous study using murine 
MSCs demonstrated that TGF-β1, as an anti-inflammatory 
cytokine, also can induce stronger immunomodulatory MSCs 
in vitro and in a corneal allograft rejection model.18 Other 
groups also reported TGF-β1 licensing enhances CXCR3-
mediated MSC engraftment to the liver and strengthens  
anti-inflammatory efficacy.19

IFN-γ licensing can strengthen the immunomodulatory po-
tency of MSCs, however, it is important to have assays devel-
oped for potency testing of clinical-grade MSC products.20,21 
This would satisfy the mechanistic research of MSC and 
its final registration for clinical research.22-24 Up to now, in 
terms of potency assays, IDO120,25,26 and PD-L120,27 are often 
regarded as markers of MSC immunomodulatory potency. 
Meanwhile, IFN-γ is verified to upregulate these 2 immu-
nosuppressive proteins PD-L111,12 and IDO114,15 of MSCs. 
Next, metabolized by IDO1,28 kynurenine (KYN) is enriched 
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by IDO1-upregulated cells29,30 and we speculated that this 
amino acid is elevated in MSC conditioned medium. These 
3 markers are evidence-based and have the potential to re-
flect the MSC immunomodulatory potency. We investigated 
whether these 3 markers can be influenced by other cytokines. 
In addition, by comparing publicly available sequencing 
data, we filtered complement C1s subcomponent (C1s) and 
interferon-induced GTP-binding protein Mx2 (MX2) may 
be upregulated in strong immunomodulatory MSCs. These 2 
genes/proteins are selected as the new candidate markers to 
reflect the immunomodulatory potency.

Herein, by comparing different licensing strategies, we re-
port the different immunomodulatory effects induced by 
TGF-β1 and IFN-γ in MSCs. TGF-β1-licensing strengthens 
the effect of MSC on altering the T cell to the high ratio of 
regulatory T cells (Tregs), CD73hi, and CD69low, while IFN-γ 
licensing enhances the effect of MSC on inhibiting T-cell pro-
liferation. Both TGF-β1 and IFN-γ licensing can enhance the 
effect of MSC on reducing the expression of TNF-α and IL-1β 
by M1 macrophage-like (M1φ) THP-1 cells. Lastly, IFN-γ 
upregulates extracellular protein C1s, KYN, and intracellular 
MX2. These 3 new molecules have the potential to reflect the 
immunomodulatory potency of MSC.

Materials and methods
Isolation, culture, and characterization of MSC from 
human bone marrow
Human MSCs were isolated from the bone marrow of 3 
healthy volunteers at Galway University Hospital under an 
ethically approved protocol according to a standardized pro-
cedure. Written consent was obtained from the volunteers. 
Briefly, bone marrow cell suspensions were layered onto a 
Ficoll density gradient, and the nucleated cell fraction was 
collected, washed, and resuspended in an MSC culture me-
dium. After 24 hours of cultivation, nonadherent cells were 
removed, fresh medium was added, and individual colonies 
of fibroblast-like cells were allowed to expand and approach 
confluence prior to passage.

Human MSCs were cultured in α-MEM (BioSciences) 
with 1% penicillin/streptomycin (Sigma-Aldrich), 10% fetal 
bovine serum (FBS) (Sigma-Aldrich), and 1 ng/mL FGF-2 
(Sigma-Aldrich).

Macrophage-like THP-1 cell culture
THP-1 cells and human peripheral blood cells were cultured 
in RPMI-1640 (Sigma-Aldrich) with 10% heat-inactivated 
FBS (Thermo Fisher Scientific), 1% L-glutamine (Sigma-
Aldrich), and 1% penicillin/streptomycin (Sigma-Aldrich).

THP-1 cells were incubated with 100 ng/mL PMA (Sigma-
Aldrich) for 24 hours to differentiate to macrophage-like 
THP-1 cells. After 24 hours, the differentiated macrophage-
like THP-1 cells were attached to the flask. After washing off 
the suspended undifferentiated cells, macrophage-like THP-1 
cells were incubated with LPS (100 ng/mL) (Sigma-Aldrich) 
and IFN-γ (20 ng/mL) (Peprotech) for another 24 hours to 
induce M1 macrophage-like (M1φ) THP-1 cells.

Cytokine licensing
After the plastic adherence of MSCs (density: 3.7–4.2 × 106 
cells/ T175 flask), the medium was removed and replaced 
with basal medium containing single recombinant human 
cytokines including 50 ng/mL TGF-β1, 50 ng/mL, IL-1β, 

20 ng/mL TNF-α, and 50 ng/mL IFN-γ or a combination of 
any 2 of the aforementioned cytokines (all from Peprotech) 
for a period of 24 hours. Cells were then washed twice with 
Dulbecco’s phosphate-buffered saline (DPBS) (Thermo Fisher 
Scientific) and used in subsequent assays. MSC of passages 
1–5 were used in this study. Non-licensed MSC was called 
naïve MSC in the later chapters.

Peripheral blood mononuclear cell (PBMC)/MSC 
coculture assay
PBMCs were stained with the CellTrace Violet proliferation 
kit (Thermo Fisher Scientific) according to the manufacturer’s 
protocol and seeded in 96 well-round bottom plates (Sarstedt) 
at a concentration of 1 × 105 cells/100 μL of complete me-
dium with or without 2 × 104 Human T-Activator CD3/CD28 
Dynabeads (Thermo Fisher Scientific). PBMCs were sub-
sequently co-cultured with MSCs as depicted in Figure 1A. 
MSCs were added to wells of lymphocytes at a concentration 
of 1 × 104 cells/100 μL (ratio of 1:10 MSCs: lymphocytes). 
MSCs from 3 donors and PBMCs from 3 or 4 donors were 
used in this assay.

THP-1/MSC coculture assay
Human THP-1 cells have been used as a representative model 
for primary human monocytes/macrophages. We used THP-1 
cell-differentiated macrophages to study the effect of MSC on 
macrophages as described in methods.

1 × 105 M1φ THP-1 cells and 5 × 104 MSCs were seeded into 
a 24-well plate. Forty-eight hours later, cells were harvested 
and incubated with anti-human antibodies (see Supplementary 
Table for additional details) diluted in FACS buffer. eBioscience 
Intracellular Fixation & Permeabilization Buffer Set (Thermo 
Fisher Scientific) was used for TNF-α and IL-1β staining. MSCs 
from 3 donors were used in this assay (Figure 2A).

Bioinformatics analysis
Human MSCs immunomodulatory capacity comparison-
related series (from the NCBI Gene Expression Omnibus 
database) were selected for bioinformatics analysis. They 
were GSE126461, GSE117901, GSE117901, GSE68610, 
GSE142816, and GSE122091. The details of the series are 
shown in Table 1. The data were analyzed and extracted from 
GEO2R (https://www.ncbi.nlm.nih.gov/geo/geo2r/). In differ-
ential gene screening, P-value less than 0.05 (−logP greater 
1.3) and LogFC greater than 1 (upregulation) or less than 
1 (downregulation) were defined as candidate differential 
genes. Gene ontology enrichment analysis, heatmaps, and 
Volcano plots were performed by R (4.2.2). A Venn diagram 
was generated via JVenn.31

Statistics
Data are presented as mean ± SD. The majority of comparisons 
between groups were done by analysis of 1-way analysis of 
variance (ANOVA) with Tukey’s multiple comparisons test. 
Figure 6C-E is done by analysis of 2-way ANOVA with Sidak’s 
multiple comparisons test. Differences were considered signifi-
cant for P < .05. P> but closed to .05 was labeled in the figure.

Univariate linear regression models were performed on 
R to explore the correlation (Figure 6F and supplementary 
materal Figrue 7) between selected potency markers and 
immunomodulatory properties (proliferated T-cell ratio). The 
regression results were displayed as slope and P-values were 
set at < .05 for statistical significance.

https://www.ncbi.nlm.nih.gov/geo/geo2r/
https://academic.oup.com/stmcls/article-lookup/doi/10.1093/stmcls/sxae053#supplementary-data
https://academic.oup.com/stmcls/article-lookup/doi/10.1093/stmcls/sxae053#supplementary-data
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Figure 1. The inhibitory effect of (licensed) mesenchymal stromal cell (MSC) on T-cell proliferation. A. Schematic depicting the experimental set-up of 
MSC/peripheral blood mononuclear cell (PBMC) co-cultures. B-D. Percentage of proliferated CD3+, CD3+/CD4+ and CD3+/CD8+ T cells. All groups, 
except the unstimulated control, were stimulated with Human T-Activator CD3/CD28 Dynabeads. Flow cytometry was used to assess the proliferation. 
The proliferated ratio of each group is shown. Representative results of 3 independent experiments are shown ±SD and analyzed by 1-way ANOVA with 
Tukey’s multiple comparisons test. *P < .05; **P < 0.01; ***P < 0.001.



1044 Stem Cells, 2024, Vol. 42, No. 12

Figure 2. The T-cell phenotype is altered after coculturing with (licensed) mesenchymal stromal cell (MSC). A-B. The representative pseudocolor plots of 
FOXP3/CD25+ cells (regulatory T cells, Tregs), CD69+ T cells. C-D. The percentage of Tregs and CD69+ T cells. E. The representative pseudocolor plots 
of CD73+ T cells. F. The representative histograms of CD73 expression. G. The percentage of CD73+ T cells. H. The expression of CD73 (MFI, median 
fluorescence intensity). All groups, except the unstimulated control, were stimulated with Human T-Activator CD3/CD28 Dynabeads. Flow cytometry 
was used to assess the protein expression. Representative results of 3 independent experiments are shown ±SD and analyzed by 1-way ANOVA with 
Tukey’s multiple comparisons test. *P < .05; **P < .01; ***P < .001.
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Statistical analysis was performed using GraphPad 
Software (8.0.2).

Other
The methods of MSC characterization, peripheral blood 
mononuclear cell (PBMC) isolation and culture, RT-qPCR, 
dot-blotting, and KYN quantification are illustrated in the 
supplementary material. The instruction of mesenchymal 
stromal cell and peripheral blood mononuclear cell origin in 
each assay are summarized in Supplementary Table S2.

Results
MSC characterization: IFN-γ but not TGF-β licensing 
leads to upregulation of HLA-DR on human bone 
marrow-derived MSCs
Human bone marrow-derived MSCs from 3 healthy donors 
were used in this study. All the MSCs can differentiate into 
adipocytes and osteocytes/osteoblasts. Flow cytometry 
was used to identify protein expression on the cell surface 
of MSCs (Supplementary Figure S1A negative markers and 
Supplementary Figure S1B positive markers. CD11b and 
CD45 were not expressed on MSCs and this did not change 
following licensing. In addition, CD90, CD73, and CD44 
markers were all highly expressed on MSCs from all of the 
donors and also did not change after licensing. HLA-DR is 
expressed lowly in all groups of MSCs except IFN-γ-licensed 
MSCs (Supplementary Figure S1C). HLA-DR upregulation is 
regarded as enhancing immunosuppressive capacity.32 This is 
also consistent with others’ work.33,34 The differentiation ca-
pacity (adipogenic and osteogenic) of MSCs from all 3 donors 
was verified as shown in Supplementary Figure S2A and B. All 
the MSCs can differentiate into adipocytes and osteocytes/
osteoblasts.

IFN-γ and TGF-β1/IFN-γ licensing strengthens 
the effect of MSCs on inhibiting allogeneic T-cell 
proliferation
At first, various cytokine-licensed MSCs were cocultured 
with allogeneic PBMCs to investigate the inhibitory effect on 
T-cell proliferation, which is regarded as the gold standard for 
assessing the immunomodulatory potency of MSCs.35,36 The 
coculture assay of PBMCs and MSCs is performed as shown 
in Figure 1A. Flow cytometry was used to assess the T-cell pro-
liferation. The gating strategy of proliferated T cells (CD3+), 
effector CD4 + T cells (CD3+/CD4+), and effector CD8 + T 
cells (CD3+/CD8+) are shown in Supplementary Figure S3A. 
As shown in Figure 1B-D, all MSC treatment groups effi-
ciently inhibit the proliferation of CD3+, CD4+, and CD8+ 

T cells. Among the single cytokine licensing groups, IFN-γ 
licensed MSCs showed the strongest inhibitory effect in terms 
of numbers, even if the P-value is not significant. Interestingly, 
50 ng/mL IL-1β licensing significantly weakened the inhibi-
tory effect of naïve MSCs on T-cell proliferation. Meanwhile, 
among the combined cytokine licensing groups, and although 
not significant, TGF-β1/IFN-γ-licensed MSCs showed the 
strongest inhibitory effect on T-cell proliferation in terms 
of numbers. Finally, the percentage of proliferated T cells is 
less following coculture with TGF-β1/IFN-γ-licensed MSCs 
(CD3+ and CD3/CD4+) compared to sole IFN-γ-licensed 
MSCs. This demonstrates that TGF-β1 and IFN-γ may have 
additive immunomodulatory effects on MSC-licensing.

TGF-β1 licensing of MSCs increases allogeneic 
regulatory T-cell numbers following coculture 
assays and induces T-cell immunosuppressive 
phenotype
Next, the subtype of T cells following MSC coculture was 
investigated. The percentage of regulatory T cells (Tregs) 
was first focused on. The gating strategy of Tregs is shown 
in Supplementary Figure S3B. As shown in Figure 2A and C, 
all MSC-groups, including naïve and licensed, induced more 
Tregs than stimulated allogeneic control. TGF-β1-licensed 
MSCs (black bars) induced more Tregs than the naïve (non-
licensed) MSC group and other sole cytokine-treated MSC 
groups, which suggested TGF-β1 licensing enhances the ef-
ficiency of MSCs to induce Tregs. Among dual licensing 
strategies, TGF-β1 plus another cytokine can induce more 
Tregs, including IL-1β plus IFN-γ or TNF-α. In terms of Tregs 
induction, TGF-β1 licensing is the most effective. And TGF-β1/
IFN-γ-licensing induced more Tregs than sole use of TGF-β1 
in terms of numbers, which demonstrates again that TGF-β1 
and IFN-γ may have a synergistic immunomodulatory effect.

Then, we investigated the CD69 expression of T cells. 
Highly expressed CD69 represents the activation of T cells. 
The gating strategy is shown in Supplementary Figure S3C. 
As shown in Figure 2B and D, coculture with allogeneic MSCs 
significantly increased the ratio of CD69+ T cells, indicating 
that allogeneic MSC coculture activates T cells. However, 
compared with naïve MSCs, licensing with either TGF-β1, 
IL-1β, and TNF-α reduced the CD69 expression as well as a 
combination of TNF-α plus any other cytokine and TGF-β1 
plus IFN-γ. Interestingly, IFN-γ licensing alone did not reduce 
the number of CD69+ cells only in combination with TGF-
β1. In summary, TNF-α is the most effective cytokine because 
both single and combined use of TNF-α decreased the per-
centage of CD69+ T cells. Besides, TGF-β1 is also powerful 
except TGF-β1 plus IL-1β, which possibly demonstrates 

Table 1. Detail of information of selected bioinformatic series.

Series Cell interfere

GSE126461 Human atrial appendage derived cells (human cardiac mesenchymal stromal-like cells) Activated by IFN-γ

GSE117901 Human umbilical cord derived MSCs Early passage vs. late passage;

GSE117901 Human umbilical cord derived MSCs Activated by TNF-α, IFN-γ

GSE68610 Human MSCs Activated by IL-1β, TNF-α, and 
IFN-γ

GSE142816 Human bone marrow-derived MSCs Activated by IFN-γ and TNF-α

GSE122091 Human embryonic stem cells derived MSCs Activated by IFN-γ

https://academic.oup.com/stmcls/article-lookup/doi/10.1093/stmcls/sxae053#supplementary-data
https://academic.oup.com/stmcls/article-lookup/doi/10.1093/stmcls/sxae053#supplementary-data
https://academic.oup.com/stmcls/article-lookup/doi/10.1093/stmcls/sxae053#supplementary-data
https://academic.oup.com/stmcls/article-lookup/doi/10.1093/stmcls/sxae053#supplementary-data
https://academic.oup.com/stmcls/article-lookup/doi/10.1093/stmcls/sxae053#supplementary-data
https://academic.oup.com/stmcls/article-lookup/doi/10.1093/stmcls/sxae053#supplementary-data
https://academic.oup.com/stmcls/article-lookup/doi/10.1093/stmcls/sxae053#supplementary-data
https://academic.oup.com/stmcls/article-lookup/doi/10.1093/stmcls/sxae053#supplementary-data
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IL-1β and TGF-β1 licensing may have an antagonistic effect 
in CD69 reduction. Specifically, TGF-β1 plus IFN-γ still have 
the most powerful effect in terms of numbers. This fact fur-
ther suggests the synergistic effect of TGF-β1 and IFN-γ.

In terms of the T-cell phenotype study, we lastly focused 
on CD73 expression. It is regarded as an immunosuppres-
sive protein and high CD73 expression represents strong 
immunomodulatory function. The gating strategy of CD73 
expression and CD73+ T cells is shown in Supplementary 
Figure S3C. The results are shown in Figure 2E-H. Coculture 
with MSCs increased both CD73 expression and the number 
of CD73+ T cells. However, compared with naïve MSCs, all of 
the licensing strategies cannot keep the CD73 expression on 
a high level except sole TGF-β1 licensing. This fact suggests 
that only TGF-β1 licensing can maintain the capacity of naïve 
MSC keeping CD73 highly expressed.

Both TGF-β1 and IFN-γ licensing enhances the 
effect of MSCs on reducing the TNF-α and IL-1β 
expression of M1φ THP-1 cells
As described above, IFN-γ licensing was found to enhance the 
inhibitory effect of MSCs on T-cell proliferation and TGF-
β1 licensing to strengthen the effect of MSCs on inducing 
an immunomodulatory T-cell phenotype. Therefore, these 2 
licensing strategies were used to investigate their role modu-
lation of innate immune cells in this MSC/THP-1 co-culture 
assay. THP-1 cells, as a human leukemia monocytic cell line, 
have been extensively used to study monocyte/macrophage 
functions37,38

We assessed the expression of 2 pro-inflammatory 
cytokines TNF-α and IL-1β by M1φ THP-1 cells. The exper-
iment was performed as shown in Figure 3A and cytokine 
expression is assessed by flow cytometry via intracellular 
staining. The gating strategy of cytokine expression is shown 
in Supplementary Figure S4A. As shown in Figure 3B and C, 
naïve MSCs exhibited the capacity to reduce expressions of 
both TNF-α and IL-1β by M1φ THP-1 cells. However, both 
single TGF-β1 and IFN-γ-licensing strengthened the capacity. 
Moreover, in terms of TNF-α expression, dual TGF-β1, and 
IFN-γ-licensed MSCs can reduce its expression to a great de-
gree, which suggests that TGF-β1 and IFN-γ are synergistic in 
reducing TNF-α expression.

Next, we concentrated on the crosstalk between MSCs and 
M1φ THP-1 cells to primarily address the mechanism of the 
above effect. The assay was performed as shown in Figure 3D 
using fluorescently labeled (CTV) naïve or licensed MSCs. The 
ratio of the MSCs to THP-1 cells was adjusted to 1:1 because 
when we applied the same ratio as in the previous experi-
ment, the CD11b-negative population (MSCs) were very less, 
which is possibly due to that MSCs are phagocytosed by M1φ 
THP-1 cells. As shown in Figure 3E-G, CTV+/CD11b + (Q2 
in Figure 3G) represents THP-1 cells that have phagocytosed 
MSCs. And CTV+/CD11b− represents MSCs that have not 
crosstalked with THP-1 cells. We found that TGF-β1-licensed 
MSCs preferentially got in touch with THP-1 cells (Figure 
3E) and IFN-γ licensing impeded the crosstalk Figure 3F. This 
may be why TGF-β1 licensing strengthened the capacity of 
reducing TNF-α/IL-1β expression, while this cannot explain 
the mechanism of IFN-γ licensing.

As shown in Figure 3E-G, THP-1 cells that were co-cultured 
with MSCs are represented by CTV+/CD11b+ (Q2 in Figure 
3G). Conversely, CTV+/CD11b− represents MSCs that have 
not engaged in crosstalk with THP-1 cells. Our findings 

indicate that TGF-β1-licensed MSCs displayed a preference 
for interacting with THP-1 cells (Figure 3E), while the cross-
talk was impeded by IFN-γ licensing, as depicted in Figure 3F. 
This difference may explain why TGF-β1 licensing enhanced 
the capacity to reduce TNF-α/IL-1β expression, whereas the 
mechanism behind the effects of IFN-γ licensing remains 
unexplained.

Bioinformatics analysis: potential new potency 
markers C1s and MX2 are upregulated in strong 
immunomodulatory MSC groups
After we found the enhanced therapeutic effect of MSCs 
following cytokine licensing with TGF-β1 and IFN-γ, we 
wanted to primarily explore the molecular mechanism of 
these 2 licensing strategies. This mechanism also will con-
tribute to the establishment of MSC immunomodulatory 
potency. The identification of functional markers of po-
tency and easily deployable standardized and quantifi-
able methods are necessary.22 At first, 6 datasets were 
selected comparing the genome difference between strong 
and weak immunomodulatory MSCs of MSC-like cells. 
In this chapter, the 6 selected open-access datasets were 
analyzed.39-42

As shown in Figure 4A, the volcano plot showed that 
compared to weak immunomodulatory control, in strong 
immunomodulatory groups, there were plenty of gene 
upregulation (red dots) and downregulation (blue dots). The 
twenty most differentially expressed genes were listed as 
shown in supplementary material Figure 6. IDO1, which was 
the evidence-based marker, was also significantly upregulated 
in GSE126461, GSE117901, GSE6861, and GSE142816 
with large fold change. In the above standard (logFC > 1 and 
P < .05) the number and name of upregulated genes were 
counted in each dataset (Figure 4B). Finally, there were 2 
genes identified, which were C1s and MX2 and were observed 
to be upregulated in all datasets. This indicates an associa-
tion of C1s and MX2 with strong immunomodulatory MSCs. 
The P-value and logFC of C1s and MX2 in each dataset are 
shown in Figure 4C.

A gene ontology analysis was performed on the basis of 
the above-upregulated genes (Supplementary Figure S5). The 
enriched pathways in each dataset were shown. However, 
none of the pathways was enriched in every group. Relatively, 
the frequently enriched pathways were the regulation of the 
immune effector process (belongs to biological process), pep-
tide binding (molecular function), amide binding (molecular 
function), intrinsic component of organelle (cellular com-
ponent), and endocytic vesicle (cellular component). These 
pathways were enriched in the 5 cytokine(s)-licensing groups 
(GSE126461 activated by IFN-γ, GSE117901 activated by 
TNF-α, and IFN-γ, GSE68610 activated by IL-1β, TNF-α, 
and IFN-γ, GSE142816 activated by IFN-γ and TNF-α and 
GSE122091 activated by IFN-γ).

IFN-γ (or combined with another cytokine) 
licensing upregulated PD-L1, IDO1, MX2, and C1s 
from gene to protein
Based on the previous results, 2 bioinformatics-filtered 
genes and 2 evidence-based genes were identified as the 
candidate genes to reflect the immunomodulatory ca-
pacity of MSCs. These 4 markers are investigated from 
gene to protein expression. qPCR was performed to quan-
tify the gene expression and several techniques including 

https://academic.oup.com/stmcls/article-lookup/doi/10.1093/stmcls/sxae053#supplementary-data
https://academic.oup.com/stmcls/article-lookup/doi/10.1093/stmcls/sxae053#supplementary-data
https://academic.oup.com/stmcls/article-lookup/doi/10.1093/stmcls/sxae053#supplementary-data
https://academic.oup.com/stmcls/article-lookup/doi/10.1093/stmcls/sxae053#supplementary-data
https://academic.oup.com/stmcls/article-lookup/doi/10.1093/stmcls/sxae053#supplementary-data
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Figure 3. Both TGF-β1 and IFN-γ licensing enhances the effect of mesenchymal stromal cells (MSCs) on reducing the TNF-α and IL-1β expression of 
M1φ THP-1 cells. A. Schematic illustrating the experimental overview of MSC/THP-1 coculturing assay. B. The representative histograms IL-1β and TNF-α 
by THP-1 cells. C. The expression of IL-1β and TNF-α by THP-1 cells (MFI, median fluorescence intensity). D. Schematic illustrating the experimental 
overview of MSC/THP-1 coculturing assay to focus on their crosstalk. E. The percentage of THP-1 cells crosstalk with MSCs (Q2 in Figure 3G). F. The 
percentage of MSCs which has not crosstalked with THP-1 cells(Q1 in Figure 3G). G. The representative pseudocolor plots of MSC/THP-1 crosstalk 
assay. Flow cytometry was used to assess the protein and crosstalk. Representative results of 3 independent experiments are shown ± SD and 
analyzed by one-way ANOVA with Tukey’s multiple comparisons test. *P < 0.05; **P < 0.01; ***P < 0.001.
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dot-blotting, flow cytometry, and ELISA were performed 
to quantify the protein expression according to the loca-
tion of the protein.

First of all, as shown in Figure 5A, B, we focused on 
PD-L1. PD-L1 was upregulated in RNA and protein by 
IFN-γ. Interestingly, in terms of RNA, PD-L1 was drasti-
cally upregulated by TNF-α/IFN-γ, while TGF-β1/IFN-γ 
and IL-1β/IFN-γ only upregulated PD-L1 to the same ex-
tent as sole IFN-γ. However, in terms of protein, TGF-β1/
IFN-γ licensing upregulated PD-L1 to a great extent but the 
other IFN-γ combinations maintain the effect of sole IFN-γ. 
IL-1β also upregulated PD-L1 significantly while the effect is 

weaker than IFN-γ. Besides, other licensing strategies have no 
effect on PD-L1 upregulation. This indicates a synergistic ef-
fect of TGF-β1/IFN-γ licensing on PD-L1 protein expression 
on MSCs.

Second, in terms of IDO1, as shown in Figure 5C, D, IFN-γ 
also upregulated IDO1 in RNA and protein. In detail, IFN-γ 
plus IL-1β or TNF-α had a stronger effect on increasing 
IDO1 mRNA than IFN-γ plus TGF-β1. Similarly, as for pro-
tein level, TGF-β1 combining with IFN-γ inhibited the IDO1 
upregulation by sole IFN-γ, while IL-1β or TNF-α combining 
maintain the upregulation. Other licensing strategies have no 
effect on IDO1 upregulation.

Figure 4. The bioinformatics analysis of strong immunomodulatory mesenchymal stromal cells (MSCs). A. The volcano plots of each datasets. B. The 
Venn diagram of significant upregulated genes in each dataset. Complement 1 subcomponent (C1s) and interferon-induced GTP-binding protein Mx2 
(MX2) are upregulated in all the datasets. C. The fold change and adjust P value of C1s and MX2 in each dataset.
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Figure 5. The gene and protein alteration of IFN-γ-licensed mesenchymal stromal cells (MSCs). A. PD-L1 expression in RNA and protein. B. The 
representative histograms of PD-L1. C. The representative dots of MX2, GAPDH, and IDO1 via dot-blotting in each group. D. IDO1 expression in RNA 
and protein. E. MX2 expression in RNA and protein. F. C1s expression in RNA and protein. The IDO1 and MX2 protein expressions are assessed 
by dot-blotting. The PD-L1 protein expression is assessed by flow cytometry. The C1s protein concentration is assessed by ELISA. All of the gene 
quantification is assessed by qPCR. Representative results of 3 independent experiments are shown ±SD and analyzed by one-way ANOVA with 
Tukey’s multiple comparisons test. *P < .05; **P < .01; ***P < 0.001.
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Figure 6. IFN-γ licensing increases IDO1-dependent kynurenine (KYN) concentration and KYN has the strongest negative correlation with the 
proliferated T-cell ratio. A. KYN concentration in each 24-hour licensing (or not) group. B. Schematic depicting the experimental set-up of KYN IDO1-
dependence assay. C-D. KYN concentration corresponds to different time points. E. Time-dependence of KYN concentration. F. The correlation study 
between selected potency markers and immunomodulatory properties. The slope and P-value were labeled. A was analyzed by 1-way ANOVA with 
Tukey’s multiple comparisons test. C-E were done by analysis of 2-way ANOVA with Sidak’s multiple comparisons test. *P < .05; **P < .01; ***P < 
0.001. F was analyzed by univariate linear regression models.
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For the bioinformatics-filtered MX2, as shown in Figure 
5C, D. IFN-γ is still the most effective cytokine to upregulate 
MX2 in RNA and protein. Other licensing strategies have 
no effect on this upregulation. As for the combined licensing 
strategies, IFN-γ plus any other cytokine have a stronger 
effect on upregulating MX2 in RNA than sole IFN-γ. We 
performed an extra mRNA qPCR to confirm the upregulation 
(Supplementary Figure S4C).

Lastly, as shown in Figure 5F, IFN-γ also can upregulate 
C1s in both RNA and protein levels. As for RNA, IFN-γ plus 
IL-1β or TNF-α had a stronger effect on upregulation than 
sole IFN-γ. IFN-γ plus TGF-β1 maintain the upregulation. 
TNF-α also had a slight but significant effect on C1s RNA 
upregulation. As for protein, the result is approximately con-
sistent with C1s qPCR. IFN-γ plus IL-1β or TNF-α had a 
stronger effect on C1s protein upregulation than sole IFN-γ.

IFN-γ licensing increases IDO1-dependent KYN 
concentration
In terms of immunomodulatory potency assays, characteristics 
that would be beneficial are simplification and convenience. 
The above paragraph mainly leveraged qPCR and immune 
blotting to quantify the gene and protein candidates, respec-
tively. In addition to gene and protein, KYN, as an amino acid 
generated by IDO1, is of great significance to be a potency 
marker because this KYN assay is based simple and cost-saving 
spectrometry-based methodology. This method was verified 
and the standard curve is shown in Supplementary Figure S4D.

We first quantify the KYN in the 24-hour licensed MSC 
conditioned medium. As shown in Figure 6A, KYN concen-
tration was increased by IFN-γ, but the synergistic effect 
caused by combined licensed strategies was not obvious. 
Other licensing strategies did not have significant effects.

Meanwhile, LW106, an inhibitor of IDO1, was used to con-
firm the IDO1-dependence of KYN. In the reports, LW106 
only inhibits the IDO1 function but maintains its invariable 
expression.43 The KYN IDO1-dependence assay is performed 
as shown in Figure 6B. After 24-hour licensing (Figure 6C), 
the KYN concentration became lower in the presence of 
the inhibitor. This indicates that the KYN originated from 
IDO1. After the licensed MSCs above underwent a 48-hour 
culturing with fresh medium (Figure 6D), the KYN concen-
tration in a single IFN-γ licensed group was still low. But 
TGF-β1/IFN-γ licensed MSCs restored more secreted KYN, 
which possibly demonstrated that TGF-β1/IFN-γ licensing is 
stronger to IDO1 than a single use of IFN-γ. Considering that 
IDO1 expression caused by TGF-β1/IFN-γ is lower than sole 
IFN-γ but TGF-β1/IFN-γ licensing resulted in a higher con-
centration of KYN, the dual licensed strategy possibly not 
only increased the expression but also activated the function.

Lastly, the time dependence of KYN secretion is shown in 
Figure 6E. The KYN concentration peak appeared 72 hours 
after the beginning of the licensing. And no matter how much 
time the licensing, the KYN concentration caused by TGF-β1/
IFN-γ was significantly higher than sole use of IFN-γ, which 
suggests the synergistic effect of TGF-β1/IFN-γ at least on 
IDO1 function.

The correlation study between selected potency 
markers and immunomodulatory properties
This part is to investigate the correlation between markers 
(widely accepted PD-L1 and IDO1 and newly found MX2, 
C1s, and KYN) and immunomodulatory properties. In the 

presented study, the gene level of C1s, MX2, IDO1, and PD-L1 
and the concentration of KYN were regarded as the property of 
MSCs (independent variable), and the proliferated T-cell ratio 
in 3 types was regarded as the immunomodulatory capacity of 
MSCs (dependent variable). We selected the gene level of the 
markers but not the protein because the gene level in the study 
was more sensitive. The univariate linear regression models 
were performed to analyze the correlation. As displayed in 
Figure 6F and supplementary material Figure 7, all of the 
highly expressed markers reflected the low-proliferated T-cell 
ratio, which represents stronger immunomodulatory capacity, 
and lowly expressed markers reflected the high-proliferated 
T-cell ratio. Among all the selected markers, the correlation 
of the widely accepted PD-L1 and the proliferated T-cell ratio 
was strong with P-values less than .05 in all types of T cells. 
However, the correlation between the IDO1 gene level and the 
proliferated T-cell ratio was weaker with P-values more than 
0.05 in CD3+ and CD3/CD4 + T cells. Both C1s and MX2 had 
a weaker correlation with CD3+ T-cell ratio but strong with 
CD3/CD4+ and CD3/CD8+ proliferated T-cell ratio. Most im-
portantly, KYN concentration had the strongest correlation 
with the proliferated T-cell ratio with a very significant statis-
tical difference. This suggests that secreted KYN concentration 
best reflects the inhibited proliferation of MSCs on T cells. 
KYN may be the key factor in MSC immunomodulation.

Discussion
Nowadays, co-incubation with allogeneic T cells and thus 
the quantification of proliferated T cells is the most com-
monly used method to measure the immunomodulatory po-
tency of MSCs.35,36 However it requires human blood samples 
and the consumption of MSCs themselves. In this study, high 
expressions of MX2, PD-L1, C1s, IDO1, and KYN reflected 
the strong immunomodulation of MSC to some degree. These 
detections do not require PBMC. More importantly, C1s and 
KYN are extracellular. Their detections would not consume 
MSCs, this is significant in saving MSC samples for the therapy. 
In other words, C1s and KYN are highly concentrated in the 
conditioned medium. The MSCs from which they originated 
can still be used for future experiments. Moreover, as shown 
in Figure 6F and supplementary material Figure 7, the KYN 
concentration better reflects the immunomodulatory capacity 
of MSCs than widely accepted PD-L1 and IDO1. This suggests 
that secreted KYN concentration best reflects the inhibited 
proliferation of MSCs on T cells. In the future application of 
MSCs, the extracellular KYN concentration may be quantified 
to predict the immunomodulatory capacity of MSCs to achieve 
standardization.

CD69 and CD73 were selected as 2 markers to define the 
phenotype of T cells. CD73 is an immunosuppressive mol-
ecule, which can degrade adenosine triphosphate to aden-
osine, which is verified as a strong immunosuppressive 
substance,44,45 and initiates anti-inflammatory effects.46,47 In 
addition, CD73+ T cells or their extracellular vesicles were 
reported to be available to CD4+ CD39+ Tregs for the pro-
duction of immunosuppressive adenosine.48 In an inflam-
matory model caused by Trypanosoma gondii, CD73 was 
downregulated which reduced adenosine.49 This verified 
that CD73 may be downregulated during inflammation. In 
terms of CD69, it is an activation marker50 for T cells for 
both pro and anti-inflammation. CD69+ T cells were reported 
for the high production of pro-inflammatory cytokines.51 

https://academic.oup.com/stmcls/article-lookup/doi/10.1093/stmcls/sxae053#supplementary-data
https://academic.oup.com/stmcls/article-lookup/doi/10.1093/stmcls/sxae053#supplementary-data
https://academic.oup.com/stmcls/article-lookup/doi/10.1093/stmcls/sxae053#supplementary-data
https://academic.oup.com/stmcls/article-lookup/doi/10.1093/stmcls/sxae053#supplementary-data
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The increase of CD4+/CD69+ T cells triggered inflamma-
tion52 and aggravated autoimmune disease.53,54 For the anti-
inflammation side, CD69hi Tregs were hyperreactive Tregs 
which are immunosuppressive.55 However, the proportion of 
Tregs in T cells is very small. Therefore we believe the total 
effect of CD69hi T cell is pro-inflammatory. In general, CD73 
was selected as the immunosuppressive marker and CD73hi 
represented strong immunomodulatory capacity. CD69 was 
selected as the activation marker and CD69hi represented ac-
tivated inflammatory T cell. We found that high expression 
of immunosuppressive CD73 can be kept by sole TGF-β1 
licensing and sole IFN-γ licensing is not conductive to de-
crease inflammatory CD69hi ratio.

In single cytokine licensing, the effect of TGF-β1 is lim-
ited in upregulating the potency markers. Because TGF-β1 
did not upregulate selected markers and drastically inhibited 
T-cell proliferation. IFN-γ is the most effective cytokine to 
enhance MSC immunomodulation because IFN-γ licensing 
strengthens the inhibitory effect of MSC on T-cell prolifer-
ation. Interestingly, TGF-β1/IFN-γ combined licensing could 
be more immunomodulatory. This combined licensing syn-
ergistically induced higher expression of MX2, PD-L1, C1s, 
and KYN than a single use of IFN-γ. More importantly, this 
combining licensed MSCs were the most effective way both to 
induce immunosuppressive Tregs and inhibit T-cell prolifera-
tion even if the P-value is not very significant.

For newly found IFN-γ licensing-related markers, C1s was 
also verified upregulation in the IFN-γ response-related clear 
cell renal cell carcinoma model.56 Besides, C1s is a compo-
nent of the complement system. The complement system is 
involved in phagocytosis,57 including the phagocytosis of 
MSC.58 However, C1s was reported to have a limited im-
pact on the clearance of early apoptotic cells and post-
phagocytosis immunosuppressive properties. It only affects 
the phagocytosis of late apoptotic cells.59 In terms of KYN, 
its immunosuppressive property is widely recognized. Recent 
studies revealed that tryptophan 2,3-dioxygenase 2-induced 
increase in KYN played a pivotal role in glioma development 
through immunosuppressive effects.60 In autoimmunity, KYN 
also can serve as an effective immunomodulatory adjuvant 
candidate for type 1 diabetes vaccines.61 Lastly for MX2, up 
to now, there is not any published study correlating MX2 
with immunomodulation.

In terms of potency markers for TGF-β1 licensing, the 
presented study failed to find an independent one. Future 
studies should focus on identifying a potency marker for TGF-β 
licensing of MSCs. This could be informed by appropriate 
RNA sequencing datasets and immunological assay signaling 
molecules. The present study is the first to find TGF-β1 licensing 
increases the crosstalk between MSCs and macrophages. In the 
above results, IFN-γ has an obviously different pathway to ac-
tivate the MSCs when compared to TGF-β1. In the case that 
TGF-β1 do not upregulate our 5 selected potency candidate 
markers, it is reasonable to speculate that TGF-β1 facilitates 
the MSC crosstalk with macrophages. This licensing pathway 
is compatible with the licensing caused by IFN-γ. Therefore, in 
many aspects, TGF-β1 and IFN-γ have a synergistic effect.

Conclusion
Human bone marrow-derived MSCs can be licensed by TGF-
β1 and IFN-γ. TGF-β1 licensing enhanced the effect of MSCs 
on inducing the T cells to an immunosuppressive phenotype 

with CD25hi/FOXP3hi, CD69low, and CD73hi, while IFN-γ 
licensing strengthened the inhibitory effect on T-cell prolif-
eration. Both licensing strategies help MSC to inhibit M1 
macrophages expressing TNF-α and IL-1β. As for the mo-
lecular mechanism of cytokine licensing, TGF-β1 and IFN-γ 
target different pathways leading to differential expression 
of potential potency markers. IFN-γ can upregulate PD-L1, 
MX2, C1s, and IDO1 from gene to protein, and upregulated 
IDO1 secrets more KYN, which can best reflect the inhib-
ited proliferation of MSCs on T cells. However, TGF-β1 
licensing might work by increasing the cellular crosstalk. 
Lastly, these 2 cytokines have a synergistic effect in some 
immunomodulatory mechanisms.
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