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Lupus nephritis is recognized as a common and severe complication of systemic lupus erythematosus,
without an optimal therapeutic strategy currently available. While mesenchymal stem cells (MSCs)
hold therapeutic promise, their efficacy varies substantially, likely due to their plasticity and capacity to
adopt pro-inflammatory (MSC1) or anti-inflammatory (MSC2) functional states in response to different
microenvironments. Here, we report for the first time that IL-27, via JAK1-STAT1 signaling, up-regulates
indoleamine 2,3-dioxygenase (IDO) in MSCs, driving MSC differentiation toward an IDO-positive MSC2
phenotype with low immunogenicity. These IDO-positive MSC2 cells produce kynurenine and kynurenic
acid, the metabolites of tryptophan, which bind to the intracellular aryl hydrocarbon receptor. This
interaction stimulates an increase in the anti-inflammatory factor TSG-6 and induces the differentiation of
regulatory T cells. Notably, IL-27-conditioned MSC2 demonstrated superior therapeutic efficacy compared
to conventional MSCs in a murine lupus nephritis model. In conclusion, this study revealed that IL-27 is
a critical modulator of MSC immune plasticity and presented a novel therapeutic strategy utilizing IL-27-
enhanced MSC2 for autoimmune diseases.
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Introduction

Lupus nephritis (LN) is the most common and severe renal
injury complication of systemic lupus erythematosus [1]. Current
therapeutic approaches, including corticosteroids, immunosup-
pressants, and biologics, are only partially effective and often
associated with marked side effects, leaving many patients with-
out satisfactory treatment options [2,3]. This underscores the
urgent need for novel and more effective therapeutic strate-
gies for LN.

The immunoregulatory capabilities of mesenchymal stem
cells (MSCs) position them as a prominent treatment strategy
for managing autoimmune disorders [4,5]. However, their
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clinical efficacy has shown notable variability [6]. This incon-
sistency may be attributed to MSCs’ remarkable plasticity—
their ability to adopt either pro-inflammatory (MSC1) or
anti-inflammatory (MSC2) phenotypes depending on different
microenvironments [7-11]. Understanding and controlling
this plasticity is crucial for optimizing therapy based on MSCs.

The cytokine microenvironment plays a crucial role in regulat-
ing the phenotype of MSCs. Pro-inflammatory cytokines such as
interferon-y (IFN-y) and tumor necrosis factor-a (TNF-a) can
enhance the anti-inflammatory properties of MSCs by inducing
the expression of immunosuppressive molecules, like indoleamine
2,3-dioxygenase (IDO) [12,13]. However, they also increase MSC
immunogenicity, potentially limiting their therapeutic utility [14].
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Beyond these well-studied cytokines, it remains unclear whether
other cytokines can selectively enhance the anti-inflammatory
properties of MSCs without increasing their immunogenicity.

IDO is a rate-limiting enzyme in tryptophan metabolism.
By catalyzing the production of metabolites such as kynurenine
(Kyn) and kynurenic acid (Kyna), it plays a central role in regu-
lating immune responses [15]. These metabolites interact with
the aryl hydrocarbon receptor (AHR) to modulate immune
activity by promoting the production of regulatory T cells
(Tregs) [16-18].IDO expression is widely regarded as a marker
of MSC anti-inflammatory capacity, yet the pathways regulating
its expression and function in MSCs require further exploration
[19-21].

IL-27 is a pleiotropic cytokine with marked anti-inflammatory
and immunosuppressive properties [22-24]. Studies demonstrate
its capacity to inhibit proliferation of pro-inflammatory T cells
(Th1/Th17) while promoting Treg generation. This functional
alignment with IDO’s mechanism stems from IDO-mediated
catalysis of tryptophan into Kyns, which suppress T-cell activity
and induce Treg differentiation, thereby attenuating excessive
immune responses [25]. IL-27 has been demonstrated to directly
regulate IDO expression in tumor cells while stimulating trypto-
phan metabolite production, establishing a dual immunometa-
bolic regulatory pattern particularly prominent in inflammatory
microenvironments [26,27]. Furthermore, as an endogenously
expressed cytokine, IL-27 exhibits superior safety profiles com-
pared to other pro-inflammatory factors (e.g., IFN-y), with
reduced risks of inflammatory responses and toxicity [28-30].
While IL-27 has not been directly confirmed to regulate IDO
expression in MSCs, its intrinsic anti-inflammatory properties,
synergistic mechanisms with IDO, metabolic regulatory superior-
ity, and favorable safety profile warrant essential investigation into
both the regulatory mechanisms of the MSC-IDO axis and their
therapeutic applications.

Here, we reported for the first time that IL-27, via JAK1-
STAT1 signaling, up-regulates IDO in MSCs, driving MSC dif-
ferentiation toward an IDO-positive MSC2 phenotype with low
immunogenicity. These MSC2 cells produce tryptophan metabo-
lites that activate AHR, up-regulate the anti-inflammatory factor
tumor necrosis factor stimulating gene 6 (TSG-6), and promote
Treg differentiation. Using single-cell RNA sequencing (Sc-RNA-
seq), we identified a distinct IDO+ MSC2 subpopulation induced
by IL-27. In a murine LN model, IL-27-conditioned MSC2 exhib-
ited superior therapeutic efficacy compared to conventional
MSCs. This study not only uncovers IL-27 as a critical modulator
of MSC immune plasticity but also provides a foundation for
developing IL-27-enhanced MSC2 as an innovative therapeutic
modality applicable to LN and other autoimmune disorders.

Results

IL-27 up-regulated the expression of
anti-inflammatory molecule IDO by activating the
JAK1-STAT1 signaling pathway in MSCs

IDO is a key enzyme involved in the immunosuppression of
MSCs. The expression of IDO in MSCs could be induced by
TNF-a and IFN-y [19,31,32]. We found that IL-27 up-regulated
IDO expression in MSC in a dose-dependent manner by Western
blot and polymerase chain reaction (PCR) (Fig. 1A). Meanwhile,
IL-27 (200 ng/ml) up-regulated IDO expression in MSCs in a
time-dependent manner (Fig. 1B). After repeated experiments,
200 ng/ml and 24 h were selected as the processing concentration
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and time of IL-27, respectively, in the follow-up experiment (Fig.
1C and D).

To further verify the specificity of IDO expression in MSCs
induced by IL-27, we also treated MSCs with IL-4/13/23/34 and
IL-17A/B/C/D/E/E. Compared with IL-27, none of the above
cytokines could effectively induce IDO overexpression in MSCs
(Fig. S1A and B). Therefore, this finding indicated that IL-27
could specifically enhance the expression of IDO in MSCs.

To further elucidate the mechanism of IDO high expression
inIL-27 priming, we measured the levels of JAK1/2, STAT1/2/3/4/5,
and their phosphorylated forms in MSCs. The results showed that
JAK1 and STAT1/P-STAT1 were increased in the IL-27-treated
MSCs (IL-27-MSC), whereas JAK2 and STAT3/P-STAT3 did not
change significantly (Fig. 1E to G). Additionally, STAT2/P-STAT2,
STAT4/P-STAT4, and STAT5/P-STAT5 did not significantly alter
(protein expression was low; and the results are not displayed). To
clarify the JAK1-STAT1-IDO pathway in IL-27-MSC, we added
aJAK1 inhibitor (upadacitinib) and an IDO inhibitor (epacadostat)
in the induction system. We discovered that both JAK1 inhibitors
and IDO inhibitors can inhibit the high expression of IDO, and
JAK1 inhibitors can significantly inhibit the expression of JAK1
and STAT1/P-STAT1 (Fig. IH and I).

IL-27 priming retained the biological characteristics
of MSCs without elevating their immunogenicity

The International Society of Cell Therapy formulated a basic
definition of MSCs; that is, there is a high expression of CD90,
CD?73, and CD105, and CD34, CD19, CD45, and HLA-DR are
not expressed. They could also differentiate into osteoblasts,
adipocytes, and chondrocytes [33]. These markers in MSCs was
detected by flow cytometry, and we found that MSCs still met
the definition criteria of MSCs after IL-27 treatment (Fig. 2A
and Fig. S1C).

To determine the advantages of IL-27 priming than IFN-y
priming, we evaluated the immunogenicity (MHC I mole-
cule, HLA-ABC and MHC II molecules, and HLA-DR mol-
ecule) of MSCs. The results showed that IFN-y-treated MSCs,
which are currently employed to induce the anti-inflamma-
tory MSC2, resulted in an increase in the levels of HLA-ABC
and HLA-DR, whereas IL-27 treatment had no changes on
HLA-ABC and HLA-DR in MSCs (Fig. 2B and C). We also
discovered that IL-27 treatment had no effect on MSC pro-
liferation by using Cell Counting Kit-8 proliferation tests
(Fig. 2D).

IL-27 priming MSCs strongly suppressed the
activation and proliferation of T cells and fostered
the generation of Tregs

In order to look into how IL-27 affected MSC’s immunological
function, we observed the MSC inhibitory effect on the activa-
tion and proliferation in mouse spleen cells. First, we extracted
mouse spleen cells and induced their activation with concana-
valin A (Con A). Then, these spleen cells were co-cultured with
MSCs and IL-27-treated MSCs (IL-27-MSC) for 3 d. Adding
Con A induced the spleen cells’ activation and made them
aggregate into clusters, while IL-27-MSC could more effectively
prevent splenic cell clumping than MSCs (Fig. 3A).

The fluorescent live cell dye carboxyfluorescein succinimidyl
ester (CFSE) was then used to measure the proliferation of
splenic cells. IL-27-MSC more effectively suppressed the pro-
liferation of mice splenic cells than MSCs (Fig. 3B and C). Next,
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Fig.1.1L-27, via JAK1-STAT1signaling, up-regulated the indoleamine 2,3-dioxygenase (IDO) level in mesenchymal stem cells (MSCs). (A) Protein expression level of IDO by Western
blotin MSCs treated by different concentrations of IL-27. (B) Protein expression level of IDO by Western blot in MSCs treated for different time periods with stimulation by IL-27.(C and
D) Histogram of the IDO expression level detected by Western blot and real-time quantitative polymerase chain reaction (qPCR) in MSCs treated by IL-27 at 200 ng/ml. (E) Protein
expression of JAK-STAT by Westernblotin MSCs treated by IL-27 at 200 ng/ml. (F) Histogram of JAK1-STAT1expression detected by Westernblotin MSCs treated by IL-27 at 200 ng/ml.
(G) Histogram of JAK1-STAT1 expression detected by real-time qPCR in MSCs treated by IL-27 at 200 ng/ml. (H) Protein expression of the JAK1-STAT1-IDO pathway detected
by Western blot in MSCs treated by IL-27 with a JAKL inhibitor at 1 uM (U, upadacitinib). (I) Protein expression of the JAK1-STAT1-IDO pathway detected by Western blot in
MSCs treated by IL-27 with an IDO inhibitor at 100 nM (E, epacadostat) (*P < 0.05; **P < 0.01).

flow cytometry was used to detect the T-cell activation marker ~ E). To contrast the effects of untreated MSCs and IL-27-MSC
CD25. The results revealed that IL-27-MSC more markedly  on peripheral blood mononuclear cells” activation and prolif-
reduced CD25 expression in comparison to MSCs (Fig. 3D and ~ eration, MSCs were simultaneously co-cultured with human
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Fig. 2. 1L-27 priming retained the biological characteristics of conventional MSCs without elevating their immunogenicity. (A) Phenotype analyses of MSCs and IL-27-treated
MSCs (IL-27-MSC) by flow cytometry. (B and C) Flow cytometry results of HLA-ABC and HLA-DR in IL-27-MSC and IFN-y-MSC for 24 h (left) and histogram of the percentage

of HLA-ABC+ cells and HLA-DR+ cells (right). (D) Detection of the proliferative ability of MSCs and IL-27-MSC by the Cell Counting Kit-8 (CCK-8) cell proliferation test. (*P <
0.05; *#P < 0.0L; ns, not significant).
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Fig. 3.1L-27 enhanced MSC immunosuppressive function in inhibiting T cells’ proliferation and promoting regulatory-T-cell (Treg) differentiation invitro. (A) The representative
picture of splenic cell proliferation when the ratio of MSCs to splenic cell co-culture was 1:80. (B and C) Representative flow cytometry (left) and statistical histogram (right)
of splenic cell proliferation by carboxyfluorescein succinimidyl ester (CFSE) assay in different groups. (D and E) Representative flow cytometry (left) and statistical histogram
(right) of the T-cell activation marker CD25 in different groups. (F and G) Representative flow cytometry (left) and statistical histogram (right) of CD25+Foxp3+ Treg in
different groups. (H and 1) Representative flow cytometry (left) and statistical histogram (right) of CD49b-+Lag-3+ Trl in different groups (*P < 0.05; **P < 0.01; ns, not
significant). Con A, concanavalin A.
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peripheral blood mononuclear cells. Compared to untreated
MSCs, IL-27-MSC more effectively suppressed the proliferation
and clumping of human peripheral T cells and the level of CD69
(early activation marker) and CD25 (late activation marker)
on T cells (Fig. S2A to C).

Foxp3+ Tregs and Lag-34+-CD49b+ Tregs (Tr1) are crucial
for the immunosuppression function of MSCs. Our prior study
revealed that MSCs could increase the percentage of Foxp3+
Tregs and Trl in the LN mouse kidneys [34]. Firstly, IL-2 was
added to the culture medium to induce mouse spleen cell dif-
ferentiation toward Foxp3+ Tregs. Then, they were co-cultured
with MSCs and IL-27-MSC for 3 d. The results showed that
IL-27-MSC more significantly increased the Foxp3+ Treg pro-
portion compared to MSCs (Fig. 3F and G).

Then, IL-10 was added to the culture medium to induce
mouse spleen cell differentiation toward Tr1 cells. Then, they
were co-cultured with MSCs and IL-27-MSC for 3 d. The results
showed that IL-27-MSC more significantly increased the Trl
proportion compared to MSCs (Fig. 3H and I). Therefore, this
study suggests that IL-27-MSC can more effectively promote
the differentiation of 2 types of regulated T cells.

IL-27 priming altered the expression of immune
regulation genes in MSCs

We analyzed the overall gene expression in MSCs and IL-27-MSC
using RNA transcriptome sequencing to see how IL-27 affected
the gene profile in 2 different MSCs. The results showed that IL-27-
MSC underwent a considerable gene expression profile alteration.
Compared to the MSC group, the IL-27-MSC group exhibited
110 differentially expressed genes (DEGs), of which 107 were up-
regulated and 3 were down-regulated (Fig. 4A). The IDO and
STAT1 gene expression levels were markedly elevated in IL-27-
MSC (Fig. 4B). Immune-regulation-related genes, such as GBP2,
TRIM69, LAP3, and TLR3, and cell adhesion-related genes,
ICAM1 and CEACAML], were up-regulated in IL-27-MSC.

In addition, in IL-27-MSC, the expression of the tryptophanyl-
tRNA synthetase 1 (WARS1) gene involved in tryptophan metabo-
lism was up-regulated. Furthermore, the differences in transcription
factors between IL-27-MSC and MSCs mainly focused on 4 fami-
lies: STAT, IRE, TE-bZIP, and ETS (Fig. 4C). Subsequently, we per-
formed Gene Ontology (GO) enrichment analysis for differential
genes. The results show that IL-27-MSC and MSCs have marked
differences in immune-related pathways, like immune response,
the immune system process, the cytokine-mediated signaling path-
way, and the type I interferon signaling pathway (Fig. 4D). Gene
set enrichment analysis revealed that IL-27 up-regulated immune-
modulation-related pathways, like regulation of innate immune
response, positive regulation of T-cell-mediated immunity, B-cell-
mediated immunity, lymphocyte-mediated immunity, and the
tryptophan metabolic pathway, like tryptophan catabolism leading
to NAD production (Fig. 4E).

IL-27 priming altered the landscape of the MSC

subgroup and increased IDO+ stem cell clusters

Previous studies revealed that MSCs are a diverse, ill-defined,
heterogeneous cell population that includes a number of sub-
populations, such as proliferative, transition, stemlike, and
functional subpopulations [35]. We analyzed the landscape of
MSCs and IL-27-MSC by using 10X Genomics Sc-RNA-seq
technology to gain insight into how IL-27 affected the differ-
entiation of MSC subpopulations. In all, 25,931 cells were
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identified, 12,968 from the MSC group and 16,963 from the
IL-27-MSC group.

Based on the IDO gene expression level, the cells in both the
MSC and IL-27-MSC groups were separately divided into the
IDO+ subgroup (IDO+ sub) and IDO— subgroup (IDO— sub)
(Fig. 5A). Compared with the MSC group, in the IL-27-MSC
group, the proportion of IDO+ sub was increased (Fig. 5B).
Analysis of differential genes in IDO+ sub and IDO— sub was
then performed, and the results showed that in IDO+ sub, the
genes related to stem cell differentiation (LGALS3, COL11Al,
EN1, PDGFRB, and FABP5) and related to stem cell prolifera-
tion (MKI67) were up-regulated. In IDO— sub, the genes related
to stem cell stemness (SOX4, MCAM, NT5E, THY1, and ENG)
were up-regulated (Fig. 5C).

Next, we compared the differential genes between the IDO+
subgroup and the IDO— subgroup. The genes related to stem cell
differentiation (LGALS3, COL11A1, FN1, PDGFRB, and FABP5)
and stem cell proliferation (MKI67) were highly expressed in the
IDO+ subgroup, and the genes related to stem cell stemness
(SOX4, MCAM, NT5E, THY 1, and ENG) were highly expressed
in the IDO— subgroup (Fig. 5C). We then compared the differ-
ential genes of the IDO+- subgroup between the MSC and IL-27-
MSC groups. In the IL-27-MSC group, the IDO+ subgroup
showed higher expression levels of B2M, STAT1, WARS], IRFI,
and GBPI. In the MSC group, the IDO+ subgroup showed
higher expression levels of COL1A1, PLAT, FN1,and MT-RNR1
(Fig. 5D). GO analysis of these differential genes showed that in
the IL-27-MSC group, the IDO+ subgroup showed more sub-
stantial enrichment in the immune system process, innate immune
response, and extracellular exosome pathways (Fig. 5E).

Based on the specific up-regulated genes in the IDO+ sub-
group, to identify which cell clusters had higher expression of
IDO, we further defined them into 7 clusters: IDO+ stem cells,
precursor stem cells, adipogenic stem cells, angiogenic stem cells,
fibroblastic stem cells, osteogenic stem cells, and proliferative stem
cells (Fig. 6A). The IL-27-MSC group had a greater percentage of
IDO+ stem cells than the MSC group (Fig. 6B). In the IDO+
stem cell cluster, there was a high expression of IDO and immune-
related genes (B2M, GBP1, IRF1,and ANXA1). Adipogenic stem
cells were characterized with lipid-related genes (e.g., PPARD,
CEBPZ, UQCC2, and COX20), fibroblastic stem cells were char-
acterized with fibroblast-cell-related genes (e.g., PLAT, FGF2,
FGFRI1, and ACTA?2), osteogenic stem cells were characterized
with osteogenic genes (such as FNI, PTX3, COL1Al, and
IGFBP4), proliferative stem cells were characterized with prolif-
eration-related genes (e.g., MKI67, CENPE TOP2A, and ASPM),
and precursor stem cells were characterized with stem cell dif-
ferentiation genes (such as LGALS1, PSME2, PSMD7, and
PRDX1) (Fig. 6C).

We scored gene sets related to immunoregulation and tryp-
tophan metabolism in the IDO+ stem cell cluster. Dataset ana-
lysis showed that IDO+ stem cells were active in immune
regulation and tryptophan metabolism (Fig. 6D and E). In IDO+
stem cells, the expression levels of the tryptophan-metabolism-
pathway-related genes, such as the tryptophan transporter
gene (WARS1), key enzyme gene of catalytic tryptophan
catabolism (KATII), and tryptophan metabolite AHR, were
increased (Fig. 6F).

The pseudotime analysis of these 7 clusters revealed that the
IDO+ stem cell cluster was positioned on the left branch of the
differentiation trajectory, precursor stem cells occupied the
upper branch of the trajectory, while the remaining clusters were


https://doi.org/10.34133/research.0748

Research

A IL-27-MSC vs. MSC B
107
Up genes
£ W Up o)
3 IDO
o | M Down STAT1
wl
a B All GBP2
TRIM69
3 L | LAP3 s
. TLR3 N
c IL-27-MSC vs. MSC ICAM1 93
-0.5
TF-bzIP IRF CEACAMI | >
WARS1 215
STAT ——
MSC IL-27-MSC
D IL-27-MSC vs. MSC
Innate immune response o
Immune response ()
Defense response )
Immune system process
Immune-related Response to interferon-gamma -
—_ Type interferon signaling pathway o Gene
8 Cellular response to type | interferon
a _ Response to type | interferon number
e} Cytokine-mediated signaling pathway [ ] 20
= Cellular response to interferon-gamma 0 ® 40
pa} Peptide antigen bindin
£ P Antigen binding 060
3 MHC class Il receptor actvity .
o MHC class Il protein complex binding
o MHC protein com[i_lex binding =
o AP binding 2 rich
. Peptide binding | o M
] 2'-5"-Oligoadenylate synthetase activity | . Factor
_GCJ Amide bindling { e
v} TAP1 binding 0.8
= _ _ MHC protein complex ° 0.6
] Lumenal side of endoplasmic reticulum membrane
Integral component of lumenal side of endoplasmic reticulum membrane 0.4
MHC class Il protein complex , 02
ER to Golgi transport vesicle membrane o (q . :
Integral component of endoplasmic rebculum membrane | o
COPIl-coated ER to Golgi transport vesicle | o
Intrinsic component of endoplasmic reticulum membrane { o
Endocytic vesicle membrane { o
Golgi-associated vesicle membrane 1o ' . .
E IL-27-MSC vs. MSC (GSEA) 10 20 30 40 -log10(Pvalue)
o
) (O]
Tg g 5% £5.
g g &R ST
i € D 38 | e R —
cS ([muwmmmnL £ gy € WL SES 111
=HE g2 L o | L2 g go0 | L e
mE <c¢c. SVYS msc S0 MSC
=5 55 GeE | el oc= I
QE - g€ O%E - 2Ro
D:g _|>‘§ = —u+s

Fig. 4.1L-27 priming altered the immune regulation genes in MSCs. (A) The number of differential genes between the MSC and IL-27-MSC groups by transcriptome analysis.
(B) The differential genes between the MSC and IL-27-MSC groups. (C) The differential transcription factor analysis between the MSC and IL-27-MSC groups. (D) Gene Ontology
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located on the right side of the differentiation trajectory (Fig.
S3A). The precursor stem cells at the starting points of differen-
tiation trajectories had 2 possible differentiation fates: fate 1
(IDO+ stem cells) and fate 2 (osteoblastogenic/adipogenic/vas-
cular/fibrogenic/proliferative stem cells) (Fig. S3B). Compared
with the MSC group, the precursor stem cells differentiated
toward IDO+ stem cells in the IL-27-MSC group were increased
(Fig. S3C).

Therefore, we speculated that IL-27 treatment promoted the
differentiation of IDO+ stem cells. Then, through transcription
factor analysis, these transcription factors, AHR and ZEBI,
were highly expressed in IDO+ stem cells (Fig. S3D and E).
ZEB1 can reshape the local immunosuppressive microenviron-
ment of tumors by regulating immune checkpoints CD47 and
PD-1 (CD274) [36,37]. We found that in IDO+ stem cells, the
expression levels of CD47 and CD274 increased (Fig. S3F).
Thus, in a future study, CD47 and CD274 may be regarded as
markers of IDO+ stem cells.

IL-27 priming promoted tryptophan metabolism
in MSCs and enhanced the level of the anti-
inflammatory cytokine TSG-6

We have shown that IL-27 could increase IDO expression in
MSCs. IDO, as a rate-limiting enzyme, regulates the metabolism
of tryptophan. The main metabolic pathway of tryptophan in vivo
is the Kyn metabolism pathway, which is related to immune
response and inflammation. Tryptophan generates Kyn under the
action of IDO. Kynurenine further generates Kyna under the
action of Kyn aminotransferase (KATI to KATIV), which acts as
aligand to activate AHR [38-42].

Therefore, we subsequently employed liquid chromatography-
mass spectrometry (LC-MS) to quantify tryptophan and its meta-
bolic products, comparing the differences in their concentrations
between the culture supernatants of MSCs and IL-27-MSC. There
was a substantial difference in the distribution of tryptophan
metabolites between the MSC and IL-27-MSC groups (Fig. 7A).
In the MSC group, the contents of tryptophan and tyrosine were
relatively high. The concentrations of Kyn and Kyna were higher
in IL-27-MSC. The results of metabolite detection further indicated
that IL-27 could promote the decomposition of tryptophan and
produce its downstream metabolites, Kyn and Kyna.

The AHR signaling pathway serves as a critical regulatory
mechanism in preserving immune system homeostasis. Kyn
generates Kyna, an endogenous AHR activator, via Kyn amino-
transferase (KATII). TSG-6, a downstream cytokine regulated
by AHR, has strong anti-inflammatory properties [43]. As an
effective inhibitor of neutrophil migration, it can inhibit inflam-
matory signals and contribute to the down-regulation of protease
networks, which can be used as an indicator of the immunosup-
pressive ability of MSCs [44-46]. IL-27 also increased the expres-
sion levels of KATII, AHR, and TSG-6 genes and proteins in
MSCs (Fig. 7B and C).

Using enzyme-linked immunosorbent assay (ELISA) technol-
ogy, we found that the content of TSG-6 in the cell culture super-
natant in the IL-27-MSC group was significantly higher than that
in the MSC group (Fig. 7D). Then, we added a KATII inhibitor
(homocysteine), a JAK1 inhibitor (upadacitinib), and an IDO
inhibitor (epacadostat) into the above IL-27 induction system to
observe whether the expression of AHR and TSG-6 could be
blocked. The results showed that the KAT-AHR-TSG-6 pathway
was inhibited after the addition of the above inhibitors (Fig. 7E
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to G). The ability of IL-27-MSC to inhibit T cells’ proliferation
and activation and promote T cells’ differentiation into Tregs
(Foxp3+ Tregs and Tr1) was also weakened after the addition of
anti-TSG-6 antibody into the IL-27-MSC co-culture system with
spleen cells (Fig. 7H and Fig. S4A to C).

IL-27 priming enhanced the therapeutic effects of

MSCs for LN invivo

To further clarify the therapeutic effect of IL-27-MSC in vivo,
we observed the changes in IL-27-MSC on survival and renal
function of LN model mice. LN model mice were given caudal
intravenous injections of saline, MSCs, and IL-27-MSC at
16 weeks of age, followed by another injection at 18 and 20 weeks
and killed at 22 weeks (6 weeks after treatment) (Fig. 8A). After
6 weeks of treatment, the survival rate in the LN model group
(normal saline [NS]) was 54%, that in the MSC treatment group
was 64%, and that in the IL-27-MSC treatment group was 91%,
indicating that IL-27-MSC treatment prolonged the LN mice
survival time (Fig. 8B and Fig. S5A). The levels of urinary
albumin/creatinine ratio, serum creatinine, and serum anti-
double-stranded DNA antibodies and anti-nuclear antibodies
were all decreased in the MSC and IL-27-MSC groups com-
pared with those in LN model group mice. Compared with
MSC, IL-27-MSC treatment can more significantly reduce the
above indexes (Fig. 8C and D).

Hematoxylin—eosin and periodic acid-Schiff staining of renal
tissue showed that after 6 weeks of treatment, compared with
that in the LN model group, glomerular cell proliferation in the
MSC group and IL-27-MSC group was weakened, and the
mesangial matrix was significantly reduced. Inflammatory cells
were significantly reduced, and inflammatory cells appeared only
occasionally. Compared with those in the MSC group, the patho-
logical damages of the kidneys in the IL-27-MSC group were
less severe, indicating that IL-27-MSC treatment could more
significantly reduce the pathological damages of the kidneys in
mice (Fig. 8E and Fig. S5B). Electron microscopy analysis also
showed that after 6 weeks of treatment, more electron-dense
matter was deposited under the glomerular epithelium or endo-
thelial cells, and the foot process fusion was obvious in the LN
model group. Electron-dense deposition and foot process fusion
were less in the MSC group than in the LN group. The deposition
of electron-dense matter and foot fusion in the IL-27-MSC group
were significantly reduced compared with those in the LN model
group and MSC group (Fig. 8E and Fig. S5C).

The main immunopathological changes in LN renal tissue
were depositions of IgM, IgG, C3, and immune complex.
Immunofluorescence staining results showed that IgM, IgG,
and C3 depositions could not be seen in the glomeruli of nor-
mal mice (Con group). The glomeruli’s IgM, IgG, and C3 depo-
sition in the LN group was obvious. The deposition in the
glomeruli of the MSC and IL-27-MSC groups was significantly
decreased compared with that of the LN group. Compared with
that in MSCs, the deposition in renal tissue in the IL-27-MSC
group was more significantly decreased (Fig. 8F and Fig. S5D).

The serum levels of tryptophan and its derivatives were com-
pared by liquid mass spectrometry. We found that the ratios of
the downstream metabolites of tryptophan, kynurenine/tryp-
tophan (Kyn/Trp) and kynurenic acid/tryptophan (Kyna/Trp),
were higher in the IL-27-MSC group (Fig. 8G and H).

Kyna can activate the expression of the anti-inflammatory cyto-
kine TSG-6. We subsequently examined the level of TSG-6 in each
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Fig. 7. IL-27 priming MSCs produced kynurenine and kynurenic acid, the metabolites of tryptophan, and further enhanced the downstream expression of the cytokine tumor
necrosis factor stimulating gene 6 (TSG-6). (A) Unsupervised clustering of tryptophan and 4 tryptophan metabolites in MSC and IL-27-MSC culture supernatant samples.
(B) Western blot of the protein expression of KATI/KATII, AHR, and TSG-6 in MSC treated by IL-27 at 200 ng/ml. (C) Histogram of the Western blotting of protein expression
and real-time gPCR of the RNA expression of KATII, AHR, and TSG-6 in MSC treated by IL-27 at 200 ng/ml. (D) Histogram of the enzyme-linked immunosorbent assay (ELISA)
of the cytokine quantitative expression of TSG-6 in MSC treated by IL-27 at 200 ng/ml. (E) Western blot of the protein expression of the KAT-AHR-TSG-6 pathway in MSCs
treated by IL-27 with a KAT inhibitor at 50 pM (H, homocysteine). (F) Western blot of protein expression of the KAT-AHR-TSG-6 pathway in MSCs treated by IL-27 with a
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group of mice’s kidney tissues. We discovered that the TSG-6
expression level was increased in the kidneys of mice in the IL-27-
MSC group relative to that in the untreated MSC group (Fig. 81
and J). Then, we used antibody microarrays to analyze the changes
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in cytokine expression in the kidneys of LN mice after MSC and
IL-27-MSC treatment. IL-10 and IL-2 were up-regulated after
IL-27-MSC treatment (Fig. S5E and F). IL-2 and IL-10 may be
crucial in Treg differentiation induced by IL-27-MSC.
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Fig. 8.1L-27 priming MSCs demonstrated superior therapeutic efficacy compared to conventional MSCs in a murine lupus nephritis (LN) model via up-regulation of tryptophan
metabolism and TSG-6 production. (A) Schematic of MSC and IL-27-induced MSC transplantation procedures. Mice were divided into 4 groups: the control group (Con), age-
matched BALB/c mice (n = 5) receiving saline perfusion; the LN model group (LN), MRL/Ipr mice (n = 11) receiving saline perfusion; the MSC treatment group (MSC): MRL/
Ipr mice (n = 11) receiving MSC (1 x 10° cells) perfusion; and the IL-27-induced MSC treatment group (IL-27-MSC), MRL/Ipr mice (n = 11) receiving IL-27-MSC (1 x 10° cells)
perfusion. (B) Survival rates of the 4 groups from 0 to 6 weeks post-MSC transplantation. (C) Urinary albumin-to-creatinine ratio (ACR) and serum creatinine levels in the 4
groups at 6 weeks posttransplantation. (D) Serum concentrations of anti-double-stranded DNA (anti-dsDNA) antibodies and anti-nuclear antibodies (ANAs) in the 4 groups.
(E) Representative periodic acid—Schiff (PAS) staining, hematoxylin—eosin (HE) staining, and electron microscopy (EM) images of the 4 groups. Scale bars: x400 = 25 pm
and x8,000 = 2 mm. (F) Representative images of IgM, IgG, and C3 deposition in kidneys across groups. (G) Kynurenine/tryptophan (Kyn/Trp) and (H) kynurenine acid/
tryptophan ratios (Kyna/Trp) in MSC and IL-27-MSC serum samples. (I) Western blot of the protein expression of the TSG-6 pathway in the above 4 groups. (J) Histogram of
TSG-6 in the above 4 groups (data presented as mean + standard error of the mean [SEM]; *P < 0.05; **P < 0.01). EM,

Discussion the uncertainty in biological characteristics caused by heteroge-

neous cell populations, the biphasic nature of immunomodula-
MSCs have shown potential therapeutic value in immune-related ~ tory functions mediated by microenvironment-dependent
diseases due to their immunomodulatory plasticity. However,  phenotypic plasticity (pro-inflammatory/anti-inflammatory
their clinical application still faces 3 major scientific challenges:  phenotype), and heterogeneity in efficacy in the treatment of LN,
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which has been shown by preclinical studies. Basic research has
confirmed that naive MSCs need external stimulation to form a
functional anti-inflammatory phenotype (MSC2), but traditional
inducers such as IFN-y or TNF-a may pose an immunogenic
risk. This study found that IL-27 up-regulates the expression of
the key enzyme IDO in tryptophan metabolism, maintaining
the low immunogenicity characteristics of MSCs while achieving
phenotypic stabilization. Compared with traditional induction
schemes, the IDO+ immunosuppressive subpopulation induced
by IL-27 has more stable immunosuppressive efficacy in vitro
and in vivo. This discovery provides a new target for optimizing
the precise regulation strategy of MSC treatment for LN.

The metabolism of tryptophan regulates a wide range of
physiological and pathological processes, such as immune
responses, growth regulation, metabolism, mood [47]. The core
role of tryptophan metabolism regulation in the immunomodu-
latory mechanism of MSCs has achieved important research
progress. MSCs dominate the tryptophan metabolic network
through the high expression of IDO, which catalyzes tryptophan
decomposition via the Kyn pathway into Kyn. This mechanism
achieves immunosuppression through the dual mechanisms of
microenvironmental tryptophan depletion and generation of
immunomodulatory metabolites. Experimental data show that
IFN-vy can increase IDO expression in MSCs. By promoting
the expansion of Tregs and inhibiting Th17 differentiation, it
exhibits therapeutic effects in rheumatoid arthritis models
[48]. Metabolic reprogramming strategies such as supplement-
ing tryptophan analogs can enhance the antioxidant stress capac-
ity of MSCs and show effects in improving mitochondrial
function in MSC senescence [49]. IL-27 can induce the high
expression of IDO in tumor cells, which is related to tumor
immune escape. Tryptophan depletion and production of Kyn
and other metabolites could lead to immunosuppressive effects
in the tumor microenvironment [50]. Combined with trypto-
phan metabolomics, this study innovatively reveals that IL-27
has the ability to regulate the tryptophan metabolism of MSCs,
enhance the immunosuppressive capacity of MSCs, and induce
MSCs to transform into anti-inflammatory type MSCs. At the
same time, single-cell sequencing analysis reveals the IDO+
stem cell subpopulation with tryptophan metabolic advantages.
This subpopulation enhances the immunomodulatory ability
of MSCs by strengthening the Kyn pathway, establishing a theo-
retical foundation for more precise examination of the meta-
bolic features of the anti-inflammatory subtype of MSCs.

As shown in Results, IL-27 up-regulated IDO in MSCs
through the JAK1-STAT1 signaling axis. IL-27-treated MSCs
exhibited increased JAK1 and STAT1 phosphorylation, with
no changes observed in JAK2 or STAT3. IL-27 (IL-12 family)
binds its receptor complex (WSX-1/gp130) to activate JAK/
STAT [51]. While typically activating both STAT1 and STAT3
in T cells to regulate Th1/Treg differentiation, IL-27 preferen-
tially engages JAK1-STAT1 in MSCs, reflecting a cell-type-
specific signaling pathway. In MSCs, STAT1 shows a higher
affinity for the IDO promoter, while STAT3 regulates other
genes. JAKI’s preferential receptor binding underlies this
selectivity. The JAK2-STAT3 axis critically mediates stem cell
osteogenesis [52]. Imbalanced STAT signaling contributes to
therapeutic heterogeneity: STAT3 hyperactivation increases
oncogenic risk, while STAT5 activity regulates the osteoblastic
differentiation program in mesenchymal cells [53,54]. The dis-
tinct roles of JAK-STAT pathways in MSCs remain incom-
pletely elucidated. Their cross talk with metabolic pathways

Zhou et al. 2025 | https://doi.org/10.34133/research.0748

(e.g., mTOR/AMPK) may complexly influence IDO-mediated
tryptophan metabolism, warranting further investigation.

The transcription factor AHR is ligand activated and regulates
both innate and adaptive immune responses. According to recent
research on tryptophan metabolites, Kyna, which is generated
by the metabolism of Kyn, is one of the ligands to AHR. The
ligand-AHR complex can enter the nucleus after binding, thus
regulating the expression of genes downstream. TSG-6 may be
one of the downstream target genes of AHR in MSCs, according
to our study. We observed that elevated IDO expression in IL-27-
MSC promoted the generation of tryptophan metabolites (Kyn
and Kyna), triggered the expression of AHR, and stimulated the
expression of the downstream gene TSG-6. Meanwhile, we dis-
covered that the genes related to tryptophan metabolism and the
TSG-6 pathway were up-regulated in IDO+ stem cells.

One of the subgroups of anti-inflammatory MSC2 may be
IDO+ stem cells. IL-27 could promote the development of these
cluster cells. Potential markers (CD47 and CD274) of these
cluster cells were hypothesized by single-cell RNA sequencing;
however, they needed more investigation and validation. In
subsequent research, we plan to sort these cluster cells in MSCs
and then investigate their function in vitro and vivo.

The amino acid sequence of TSG-6 is highly conserved, with
around 94% identity between humans and mice. TSG-6 pos-
sesses anti-inflammatory characteristics, such as blocking neu-
trophil migration, reducing inflammatory signals, and helping
to down-regulate protease networks in renal inflammation [55].
In response to inflammatory signals, MSC may produce TSG-6,
which mediates a variety of immunomodulatory and repair
processes. According to this study, IL-27 stimulated MSCs to
produce TSG-6, prevented T-cell activation and proliferation,
and fostered the generation of Tregs. Additionally, we found
that the kidney tissue of LN mice administered with IL-27-MSC
had higher levels of TSG-6. However, the study’s weakness is
the lack of in-depth investigation into the mechanism of how
TSG-6 modulates LN immune response in the renal region. In
future investigations, we will investigate the regulation effect
of TSG-6 released by MSCs on LN renal immune cells, as well
as the repair effect of kidney tissue damage.

IL-27-MSC demonstrated marked efficacy in LN by inducing
an IDO+ anti-inflammatory phenotype and activating the tryp-
tophan metabolism-AHR-TSG-6 axis. This mechanism may
extend to other autoimmune diseases, including rheumatoid
arthritis and multiple sclerosis. In rheumatoid arthritis, IL-27-
MSC may alleviate joint inflammation by suppressing Th17
activation and promoting Treg expansion, while TSG-6 protects
articular cartilage through inhibition of hyaluronan degradation
[56]. In multiple sclerosis, they may modulate the central ner-
vous system immune microenvironment to attenuate demyelin-
ation [57]. In type 1 diabetes, IL-27-MSC may activate IDO to
expand Tregs in pancreatic lymph nodes, thereby inhibiting
B-cell destruction by effector T cells, with TSG-6 potentially
mitigating islet inflammation [58]. In systemic sclerosis, IL-27-
MSC likely suppress TGF-f signaling through TSG-6, reducing
collagen deposition and cutaneous fibrosis while improving
vascular dysfunction and Raynaud’s phenomenon [59].

In conclusion, this study for the first time discovered that
IL-27 could increase the production of Kyn and Kyna in MSCS
by activating the JAK1-STAT1 signaling pathway, promote
MSC transformation into anti-inflammatory MSC2, increase
the population of IDO+ stem cells, and enhance MSC immune
regulation function (Fig. 9); Kyna increased the production of
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Fig. 9. The overview diagram of IDO+ stem cell induction by IL-27 and its application in LN mouse. This diagram was created with BioRender.com with license. Trp, tryptophan;

Kyn, kynurenine; Kyna, kynurenic acid.

the anti-inflammatory factor TSG-6 by binding with AHR and
improved the effectiveness of MSCS in LN mice. This finding
provides a theoretical foundation for the potential application
of IL-27-MSC in the treatment of LN and other immunological
disorders.

Materials and Methods

MSC preparation and induction

The preparation of all umbilical cord MSCs was performed in
accordance with the standardized operating procedures of
the Stem Cell Research Center, and they were obtained from
Qingdao Hualing Aoyuan Bioengineering Technology. We used
the fourth-generation MSCs for experiments and treatment.
Cells were cultured in Mesenchymal Stem Cell Medium (Cat.
No. 7501, ScienCell, USA) in a humidified incubator at 37 °C
with 5% CO,. Cells were treated by IL-27 in different concentra-
tions for different time periods when cells were more than 70%
confluent.

Spleen cells’ isolation and co-culture with MSCs

The mouse spleen cell isolation protocol was performed as
described previously. A Transwell chamber system (polycarbon-
ate membrane, 0.4-um pores, Corning) facilitated the co-culture
microenvironment. MSCs were quantified and plated in lower
compartments after receiving 10-Gy irradiation to inhibit cellular
proliferation. Subsequently, the isolated splenocytes were enu-
merated and maintained in upper chambers at a 1:80 MSC-to-
splenocyte ratio. The culture medium consisted of RPMI-1640
supplemented with 10% fetal bovine serum (Gibco), 2 mM
L-glutamine, nonessential amino acid solution (1% v/v, Sigma),
and essential amino acids. Pharmacological modulators (ago-
nists/antagonists) were introduced into this co-culture environ-
ment according to experimental requirements.

Spleen cells’ proliferation assay

Before MSC-to-splenocyte co-culture, MSCs were pretreated
with or without IL-27 (200 ng/ml) for 24 h. After a 72-h co-
culture with MSCs or IL-27-MSC, splenocytes were harvested.
These splenocytes were placed on a 96-well microplate and
treated with Con A, 10 mg/ml) for T-cell activation for 24 h.
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Spleen cells were harvested to examine the change in fluores-
cence intensity using CFSE (BioLegend, San Diego, CA, USA)
proliferation assay. The higher-fluorescence cells could be iden-
tified as the parent generation.

Flow cytometry

Flow cytometry was conducted as previously described. Briefly,
spleen-derived cells and MSCs were collected and subjected to
2 centrifugation steps in phosphate-buffered saline (PBS). Cell
suspensions were then treated with fluorochrome-labeled spe-
cific antibodies or corresponding isotype controls (BD) for
30 min under light-protected conditions. After dual washing
cycles with cold buffer, cellular samples were acquired using
flow cytometers (BD). Subsequent data interpretation was per-
formed utilizing the Flow]Jo software.

MSC identification and proliferation assay

The following antibodies for MSC identification were purchased
from BioLegend: CD90, CD105, CD73, CD34, CD19, CD45,
HLA-ABC, and HLA-DR for flow cytometry. WST-8 cell pro-
liferation kits (Dojindo Molecular Technologies, Shanghai,
China) were used to assess the proliferation of MSCs.

Induction of Tregs (Foxp3+ Tregs and
Lag-3+CD49b+ Tregs)

IL-2 (5 ng/ml, PeproTech) was added to the culture system for
Foxp3+ Treg induction; 10 ng/ml IL-10 and IL-2 (PeproTech)
were added to the culture system for Lag-3+CD49b+ Treg
(Tr1) induction. Before induction, all T cells were activated by
CD3/CD28 antibodies (BD Biosciences). The following anti-
bodies for Treg identification were purchased from BioLegend:
CD25, Foxp3, Lag-3, and CD49b. The data were analyzed by
the FlowJo V software.

Western blot

After IL-27 induction, MSCs were washed with PBS twice and
digested by pancreatic enzymes. Total cellular proteins were iso-
lated using radioimmunoprecipitation assay extraction buffer
combined with 1 mM phenylmethanesulfonylfluoride proteinase
inhibitor cocktail (Beyotime, China) and phosphatase inhibitor
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cocktail (Yeasen, China). Then, protein concentration determi-
nation was performed using BCA Protein Assay Kit (Beyotime).
Western blotting was conducted according to a prior protocol.
Protein samples (50 pg) were separated on a polyacrylamide-
sodium dodecyl sulfate gel (10X) and electroblotted onto a nitro-
cellulose membrane. Then, the nitrocellulose membranes were
placed in a 5% bovine serum albumin solution to block nonspe-
cific protein for 2 h at room temperature; the membranes were
incubated with specific antibodies, such as JAK1, JAK2, STAT1
to STAT5, P-STAT1 to P-STAT5, IDO, KATT, KATII, AHR, and
TSG-6 (Abcam), overnight at 4 °C. The second day, the mem-
branes were incubated with horseradish peroxidase-conjugated
secondary antibodies (Beyotime, Shanghai, China) and then
visualized using enhanced chemiluminescence.

Real-time PCR

After IL-27 induction, MSCs underwent 2 PBS rinses for purifica-
tion. Cellular RNA isolation was conducted using the TRIzol
reagent (Thermo Fisher Scientific, USA) following the manufac-
turer’s protocol, with subsequent quantification performed via
NanoDrop 2000 spectrophotometry (Thermo Fisher Scientific).
For complementary DNA (cDNA) synthesis, 1 pg of total RNA
was processed using PrimeScript RT Reagent Kit (Takara Bio,
Japan). Quantitative PCR amplification was carried out in 10-pl
reactions containing SYBR Select Master Mix (Applied Biosystems)
on a QuantStudio 3 Real-Time PCR system, with thermal cycling
parameters set according to primer specifications. GAPDH expres-
sion served as the internal normalization standard.

Enzyme-linked immunosorbent assay

The concentrations of TSG-6 in MSC culture supernatant were
measured by ELISA (R&D Systems, Minneapolis, MN) accord-
ing to the manufacturer’s instructions.

Sample and library preparation for MSC

10x single-cell sequencing

The cultured MSCs and IL-27-pretreated MSCs were digested
with 0.25% trypsin for 3 min, then suspended in PBS to form
cell pellets, and filtered through sterile 40-pm cell strainers.
Using an automated fluorescence cell counter and trypan blue
staining, cell viability was determined to be >80%. The MSC
single-cell suspension was loaded onto a microwell chip, and
bar-coded magnetic beads from the microwell chip were col-
lected to capture messenger RNA labeled with bar-coded mag-
netic beads for reverse transcription to obtain cDNA. After
quality assessment of cDNA (using a bioanalyzer), paired-end
sequencing (150 bp) was performed on the Illumina NovaSeq
6000 platform, with a sequencing depth of at least 100,000 reads
per cell. The single-cell RNA sequencing using the 10X Genomics
Chromium platform and technical services were provided by
LC-Bio Technology Co., Ltd. (Hangzhou, China).

Raw data processing and preliminary analysis of
single-cell sequencing

Using Cell Ranger, raw sequencing data underwent base calling,
adapter trimming, and demultiplexing to obtain gene expression
matrices for sequenced samples. Subsequently, the R software was
employed to filter out low-quality cells with >6,000 or <301
expressed genes or >30% of unique molecular identifiers origi-
nating from mitochondrial genomes. Data dimensionality reduc-
tion and clustering were performed using functions in Seurat
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v3.1.2, with gene normalization and scaling (NormalizeData and
ScaleData functions). The top 30 principal components were
selected for downstream analysis and visualization. The final data-
set comprised 25,931 cells, including 12,968 cells from the MSC
group and 16,963 cells from the IL-27-MSC group.

Differential gene expression and cell type analysis
Using the FindAllMarkers function in Seurat, marker genes
within each cluster were determined via the Wilcoxon rank-
sum test. Genes with expression exceeding 10% in a specific
cluster and an average log(fold change) value greater than 0.25
were selected as DEGs. We integrated the Find AllMarkers func-
tion (test.use = presto) in Seurat to identify marker genes for
each cluster and manually annotated cell clusters by correlating
them with marker genes from prior studies on MSC differentia-
tion subpopulations. Heatmaps, dot plots, and violin plots
illustrating the expression of cell-type-specific markers were
generated using the DoHeatmap, DotPlot, and VInPlot func-
tions in Seurat v3.1.2, respectively.

Pathway and functional enrichment analysis

Based on the expression of DEGs, we performed GO and Kyoto
Encyclopedia of Genes and Genome (KEGG) pathway enrich-
ment analyses using the clusterProfiler R package [55]. GO
terms and KEGG pathways with adjusted P values <0.05 were
considered significantly enriched. Gene sets were downloaded
from Mouse Genome Informatics (http://www.informatics.jax.
org/). To further clarify the up-regulation or down-regulation
of specific pathways and functions across different MSC groups,
gene set enrichment analysis was performed using the cluster-
Profiler package in R. Genes were ranked based on their log,
fold change values, and the hallmark gene sets (MSigDB
v2023.1) were evaluated. Significance thresholds were set at a
normalized enrichment score absolute value >1.0 and false
discovery rate q value <0.25. Gene sets containing at least 15
genes and a maximum of 500 genes were included in the analy-
sis to avoid overfitting small or large sets.

Pseudotime trajectory analysis of differentiation

The pseudotime cell differentiation trajectories of MSCs and
IL-27-MSC were reconstructed using the Monocle 2 package.
Cells were classified according to spatiotemporal differentiation
order using DEGs. Dimensionality reduction and cell ordering
along the trajectory were performed using the DDRTree method,
and the differentiation trajectory was visualized using the plot_
cell_trajectory function.

Transcription factor analysis

Transcriptional regulatory network analysis was performed
using SCENIC. Based on the distribution specificity of regula-
tory elements across cell subpopulations, the top transcriptional
factor regulators with high regulator specificity scores ) were
quantified. According to the description of LC-Bio Technology
Cloud Platform, we conducted the aforementioned single-cell
sequencing data analysis.

LC-MS-analysis-based targeted

metabolomic analysis

The culture supernatant was collected after termination of cul-
tivation and filtered through 0.22-pm membranes to remove
cellular debris. Metabolites were enriched using Oasis HLB
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solid-phase extraction columns (Waters). After activation steps
(methanol-0.1% ammonia water), acidified samples (adjusted
to pH 3.0 with 0.1 M HCI) were loaded. The eluent consisted
of methanol/0.1% ammonia water (80:20, v/v). Chromatographic
separation was performed on a Waters HSS T3 column (2.1 X
100 mm, 1.8 pm) with mobile phases of 0.1% formic acid in
water (A) and acetonitrile (B). The gradient elution program
was as follows: 0 to 2 min holding 5% B, 2 to 8 min increasing
to 30% B, and 8 to 10 min reaching 70% B, at a flow rate of
0.4 ml/min. Mass spectrometry detection employed a Sciex
6500+ system in ESI+ mode, using multiple-reaction monitoring
to monitor metabolites such as tryptophan (m/2205.1 — 188.1)
and Kyn (m/z 209.1 — 94.0). Method validation demon-
strated linearity over 0.1 to 500 ng/ml (R* > 0.99), interday
precision relative standard deviation <12.5%. This protocol
enables assessment of MSC-secreted tryptophan metabolites
(e.g., Kyn/Trp ratio) and their immunomodulatory functions,
providing metabolomic insights for mechanistic studies of stem
cell therapies.

Animals

The animal experiments in this study were conducted in the
approved experimental protocol by the Medical Ethics Com-
mittee of the Chinese People’s Liberation Army General Hospital
(Ethic Approval No. $Q2021209). Female MRL/lpr mice obtained
from Shanghai SLAC Laboratory Animal Company Limited
(Shanghai, China) and BALB/c mice obtained from Beijing Vital
River Laboratory Animal Technology were used in this study.
These mice were housed in the Medical Experimental Animal
Center of the Chinese People’s Liberation Army General Hospital
in a specific-pathogen-free environment with a 12-h light-dark
cycle, at 24 to 26 °C temperature.

Transplantation protocol of MSCs

Sixteen-week-old mice were randomized into 4 groups: (a) the
control group, age-matched BALB/c mice (n = 5); (b) the LN
group, MRL/Ipr mice injected with 1 ml of NS via the caudal
vein (n = 11); (c) the MSC group, MRL/Ipr mice injected with
MSCs (1 x 10° cells, 1 ml) via the caudal vein (n = 11); and
(d) the IL-27-MSC group, MRL/lpr mice injected with IL-27-
MSC (1 x 10° cells, 1 ml) via the caudal vein (n = 11). The mice
in each group received intravenous administration of NS, MSC,
or IL-27-MSC at 16, 18, and 20 weeks of age. Random urine
samples were taken every 2 weeks. At 22 weeks of age, 24-h
urine samples were taken and mice were anesthetized and sac-
rificed. Blood and kidney samples were collected and used by
molecular biology experiments to evaluate the therapeutic
effect of MSC treatment.

Analysis of serum and urine samples and
kidney histopathology

The levels of urinary albumin/creatinine ratio, serum creati-
nine, and serum anti-double-stranded DNA, and anti-nuclear
antibodies were measured as described previously. Renal speci-
mens obtained from murine models were postfixed with 4%
paraformaldehyde for 48 h prior to processing. The tissues
underwent sequential dehydration through a graded ethanol
series, followed by paraffin embedding and preparation of ultra-
thin sections (2-pm thickness). Histopathological evaluation
was performed through hematoxylin—eosin staining, periodic
acid-Schiff reaction, and immunofluorescence microscopy
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targeting immunoglobulins (IgG and IgM) and complement
component C3, following established protocols for renal pathol-
ogy assessment.

Statistics

Statistical analyses were performed using the GraphPad Prism
software (version 8.0.1). Continuous variables are reported as
mean + SD. The Student ¢ test was applied for 2-group com-
parisons, while one-way analysis of variance was employed for
multigroup analyses. Significance levels are denoted as follows:
*P < 0.05 (significant), **P < 0.01 (highly significant), and ns
(not significant).
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