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ABSTRACT

Background Although mesenchymal stem cells (MSCs) might offer a promising strategy for treating SLE,
their immunoregulatory plasticity makes their therapeutic effects unpredictable. Whether overexpressing
IL-37, an IL-1 family member with immunosuppressive activity, might enhance the therapeutic effects of
these cells for SLE is unknown.

Methods We genetically modified MSCs to overexpress IL-37 and assessed their effects on immune
suppression in vitro. We also evaluated the effects of such cells versus effects of various controls after
transplanting them into MRL/lpr mice (model of SLE).

Results Stem cell characteristics did not appear altered in MSCs overexpressing IL-37. These cells had enhanced
immunosuppression in vitro in terms of inhibiting splenocyte proliferation, reducing proinflammatory factors
(IL-18, TNF-q, IL-17, and IL-6), and suppressing autoantibodies (anti-dsDNA and anti-ANA). Compared with
animals receiving control MSCs or IL-37 treatment alone, MRL/lpr mice transplanted with IL-37—overexpressing
cells displayed improved survival and reduced signs of SLE (indicated by urine protein levels, spleen weight, and
renal pathologic scores); they also had significantly lower expression of proinflammatory factors, lower total
antibody levels in serum and urine, lower autoantibody production, and showed reduced T cell numbers in the
serum and kidney. Expression of IL-37 by MSCs can maintain higher serum levels of IL-37, and MSCs had pro-
longed survival after transplantation, perhaps through IL-37 suppressing the inflammatory microenvironment.

Conclusions Mutually reinforcing interaction between MSCs and IL-37 appears to underlie their additive
therapeutic effects. Genetic modification to overexpress IL-37 might offer a way to enhance the stability
and effectiveness of MSCs in treating SLE.
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SLE is a chronic autoimmune disease resulting in
loss of self-tolerance and multiorgan destruction
by an overactivated immune system.!=> Renal in-
volvement is one of the major characteristics of the
SLE which normally results in renal failure.!->
Current therapies have significantly reduced the
morbidity and mortality of patients with SLE.57
However, they often experience some deleterious
side effects, such as infection. Furthermore, some
patients are refractory to these therapies.®” There-
fore, more efforts should be made to develop novel
alternative therapies.!
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Both immune tolerance reconstruction and tis-
sue regeneration are important for treating SLE.
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Thus mesenchymal stem cells (MSCs) might be a promising
candidate for SLE treatment® because of their regenerative
capabilities®> !9 and immunomodulatory functions.!!12
MSCs are multipotent stem cells that can be derived from
various tissues.®1%13 They can be safely harvested with no
major ethical concerns and have low immunogenicity, and
thus represent an attractive cell type for allogenic trans-
plantation.!0

Both preclinical and clinical studies have shown that trans-
plantation of MSCs could alleviate the pathogenic symptoms
of SLE.%14-17 The main underlying mechanism behind this
technique is believed to be the immune-suppression abilities
of MSCs, which include reducing proinflammatory factors
and upregulating anti-inflammatory factors.® However, the
immune-suppressive activities of MSCs could only be acti-
vated by strong inflammation signals or bacteria.'® In
contrast, a low level of inflammation signals would reduce
their immune-suppressive functions or even activate the im-
mune system.!20 Unfortunately, it is very difficult to define
the exact levels of inflammation required in vivo, which might
make the therapeutic effects of MSCs unpredictable. Thus it is
very important to ensure that MSCs used for SLE treatments
result in immune-suppression rather than immune-activation
activities.

IL-37, a newly discovered member of the IL-1 family, has
been demonstrated to have immune-suppression func-
tions.2122 The underlying mechanisms behind its activity in-
clude binding the IL-18 recepter @ (IL-18Rer) and IL-1R8 as an
extracellular cytokine,?324 or reducing the expression of IL-6
in the nucleus.?> A previous study also showed IL-37 could
suppress the expression of the inflammatory factors in the
PBMCs of patients with SLE.2¢

Therefore, we conducted this study to investigate whether
overexpressing IL-37 could enhance the therapeutic effects of
MSCs for SLE treatment. Our results showed they had additive
therapeutic effects in the mice model of SLE. The successful
overexpression of IL-37 by the MSCs could extend the t,,, time
of IL-37, while IL-37 could prolong the survival of MSCs by
suppressing the inflammatory microenvironment.

METHODS

Isolation, Expansion, and Modification of MSCs

The MSCs were isolated from the bone marrow (BM) of
healthy MRL/Mp]J mice (female, 4 weeks old, stock number
000486; The Jackson Laboratory) as described before with
modifications.2” The BM cells were flushed out of femurs
and tibias, cultured with DMEM/high glucose (catalog num-
ber 10566032) plus 10% FBS (catalog number 26400044; both
Thermo Fisher Scientific), 10 ng/ml basic fibroblast growth
factor (bFGF, catalog number 450-33; PeproTech), 50 pg/ml
ascorbic acid (catalog number S4245; Selleckchem), and an-
tibiotics (catalog number 15240062; Thermo Fisher Scientific)
in cell culture dishes. The nonadherent cells were removed 3
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Significance Statement

Although mesenchymal stem cells might have potential for treating
SLE, their immunoregulatory plasticity renders their therapeutic
effects unpredictable. The authors genetically modified mesen-
chymal stem cells to overexpress IL-37—a protein with immuno-
suppressive activity—and assessed the modified cells’ effects on
immune suppression in vitro, as well as the effects of transplanting
such cells into a mouse model of SLE. Mice transplanted with IL-37-
overexpressing cells displayed improved survival and reduced signs
of SLE compared with controls. Expression of IL-37 by mesenchymal
stem cells can maintain higher serum levels of IL-37, and these cells
had prolonged survival after transplantation, perhaps through IL-37
suppressing the inflammatory microenvironment. The additive
therapeutic effects of this approach might offer a way to enhance
the stability and effectiveness of mesenchymal stem cells in treating
SLE.

days later. MSCs were passaged with TrypLE (catalog number
12605010; Thermo Fisher Scientific), and passage-3 cells were
used for IL-37 overexpression.

For human IL-37 overexpression in the mice BM MSCs, the
full-length IL-37 (NM_014439.3) or the negative control Flag
peptide (DYKDDDDK) was cloned into the lentiviral vector
(pLVX-Puro, catalog number 632164; Clontech Laborato-
ries). Virus production was performed in HEK293T cells
(ATCC CRL-3216) by cotransfecting the lentiviral vector
with the packaging lentiviral vectors pMD2.G (12259) and
psPAX2 (12260; both Addgene). The lentivirus infection was
performed with 8 wg/ml hexadimethrine bromide (catalog
number H9268; Sigma) for 8 hours. The MSCs were then
treated 2 days later with 2 pwg/ml puromycin (catalog number
A1113803; Thermo Fisher Scientific) for 3 days and then
maintained in the cell culture medium plus 0.5 ug/ml puro-
mycin. MSCs were passaged three times (passage 6) for sub-
sequent experiments.

Animals

The MRL/Ipr mice (female, 8 weeks old, 20.8£2.6 g), were
purchased from The Jackson Laboratory (stock number
000485). The mice were maintained in specific pathogen-
free conditions and randomly divided into different groups.
The study was approved by the Animal Research Ethics Com-
mittee of the School of Medicine, Shenzhen University.

Transplantation of MSCs

Wild-type MSCs (1X10°), MSCs overexpressing Flag
(MSCs-Flag; 1X 10%), and MSCs overexpressing IL-37
(MSCs-1L37; 1X10°) were resuspended in 200 ul PBS and
injected into the mice via the tail vein at the age of 14 weeks,
and every 2 weeks thereafter until the end of the experiment
(at the age of 21 weeks). The IL-37 protein (1 mg/kg, diluted
in 200 ul PBS, catalog number 9225-1L-025; R&D Systems)
was injected via the tail vein every 2 days, starting at the age of
14 weeks until the age of 21 weeks. PBS was used as a negative
control for the transplantation of MSCs and IL-37 protein
injection. Each group contained eight mice.
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Western Blot
The protein extraction and Western blot were performed as
previously described.?® The primary antibody for IL-37 and
glyceraldehyde-3-phosphate dehydrogenase were purchased
from Thermo Fisher Scientific (catalog number PA5-30527
and AM4300).

Preparation of PBMCs and Mice Serum

For the culture of PBMCs, blood was collected from the hearts
of MRL/Ipr mice (female, 18 weeks old) which were treated
with heparin (200 IU/mouse, intraperitoneal injection) for
15 minutes. The blood samples collected from ten mice
were pooled together, diluted 1:1 in HBSS containing calcium
and magnesium (catalog number 14025092; Thermo Fisher
Scientific). The PBMCs were then isolated with the Ficoll-Paque
PLUS density gradient media (catalog number 17144003; GE
Healthcare) and cultured with RPMI1640 (catalog number
12633012; Thermo Fisher Scientific) plus 10% FBS and antibi-
otics. The mice serum was then centrifuged at 5000 rpm for
30 minutes at 4°C. The supernatant was stored at 4°C for sub-
sequent applications.

Flow Cytometry

Antibody staining and flow cytometry were performed as pre-
viously described.?® Briefly, the MSCs were dissociated with
TrypLE, centrifuged, and resuspended with PBS (catalog
number 20012027; Thermo Fisher Scientific) plus 5% FBS.
After 30 minutes of incubation, the cells were stained with
FITC Rat Anti-Mouse CD44 Clone IM7 (for research use
only [RUO], catalog number 561859), FITC Rat Anti-Mouse
CD45 Clone 30-F11 (RUO, catalog number 553080), or FITC
Rat IgG2b, k Isotype Control Clone A95-1 (RUO, catalog
number 556923; all BD Biosciences).

For immune cell population analysis, the PBMCs were pre-
pared from the MRL/Ipr mice after 4 weeks of MSC trans-
plantation or IL-37 injection. Single-cell suspensions were
obtained from the kidney by perfusing the kidney with PBS
for 15 minutes, followed by 5 minutes with DMEM/high glu-
cose, and then 1 mg/ml collagenase B (catalog number
11088815001) plus 1 mg/ml dispase (catalog number
D4818; both Sigma) diluted in DMEM/high glucose for
30 minutes at 37°C. The single cells were then meshed and
strained through a 70-um cell strainer (catalog number
CLS431751-50EA; Corning). Cells were stained with the in-
dicated antibodies in dilution buffer (0.5% BSA in PBS) for
30 minutes on ice. The antibodies included FITC-labeled
anti-B220 (catalog number 553087), allophycocyanin-labeled
anti-CD3 (catalog number 565643), phycoerythrin (PE)-
labeled anti-CD4 (catalog number 553049), FITC-labeled
anti-CD8 (catalog number 561966), FITC-labeled anti-
CD11c (catalog number 561045), PE-labeled anti-CD11b
(catalog number 561689), allophycocyanin-labeled anti-
CD138 (catalog number 561705), FITC-labeled anti-IgG1/
2a/2b (catalog numbers 553399 and 553443), FITC-labeled
anti-CD4 (catalog number 553055), PE-labeled anti-Foxp3
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(catalog number 563101), and PE-CF594-labeled IL-17 (cat-
alog number 562542; all BD Biosciences). Cells were analyzed
with BD Accuri C6 Plus (BD Biosciences) and the data were
analyzed with FlowJo software.

Differentiation of Adipocytes, Osteocytes, and
Chondrocytes

The adipocytes, osteocytes and chondrocytes differenti-
ation and characterization were performed as previously
described.?®

Isolation of Splenocytes

The MRL/Ipr mice (female, 18 weeks old) were euthanized by
cervical dislocation. Spleens were carefully isolated and incu-
bated on ice in RPMI1640 plus 10% FBS and antibiotics. They
were then mashed using frosted glass slides and the cells were
filtered through 100 wm cell strainers (catalog number
08-771-19; Falcon). The splenocytes were cultured with
RPMI1640 plus 10% FBS and antibiotics.

MSC Coculture Assay

The wild-type MSCs and lentivirus-modified MSCs including
MSCs-Flag (the negative control) and MSCs-1L37 were plated
onto 96-well plates at passage 6 with 1X10* cells per well. Cells
were cultured for a further 3 days after they reached
confluence.

The splenocytes or PBMCs isolated from the 18-week-old
MRL/Ipr mice were cocultured with MSCs with 100X 10* cells
per well. The cells were then stimulated with PMA at a con-
centration of 5 ng/ml for 48 hours in coculture medium
(RPMI1640 plus 10% mice serum isolated from the
18-week-old MRL/Ipr mice and antibiotics). The IL-37 pro-
tein (1 wg/ml) was also used to treat the splenocytes or
PBMCs, and PBS was used as control. Cell proliferation was
determined using the Cell Proliferation Kit I (catalog number
11465007001; Roche) according to the instructions. The
light absorbance was measured at 570 nm by the automated
microplate reader (model 550; Bio-Rad). The experiments
were performed in triplicate.

RNA Extraction and Real-Time PCR

The RNA extraction, cDNA synthesis, and real-time PCR were
performed as previously described.?® The primer sequences
used were as follows:

IL-18, forward 5'-TGGACCTTCCAGGATGAGGACA-3" and
reverse 5'-GTTCATCTCGGAGCCTGTAGTG-3';

TNF-a, forward 5'-GGTGCCTATGTCTCAGCCTCTT-3’
and reverse 5'-GCCATAGAACTGATGAGAGGGAG-3';

IL-17, forward 5'-CAGACTACCTCAACCGTTCCAC-3’ and
reverse 5'-TCCAGCTTTCCCTCCGCATTGA-3';

IL-6, forward 5'-TACCACTTCACAAGTCGGAGGC-3'" and
reverse 5'-CTGCAAGTGCATCATCGTTGTTC-3';

JASN 31: 54-65, 2020



B-actin, forward 5'-CATTGCTGACAGGATGCAGAAGG-3’
and reverse 5'-TGCTGGAAGGTGGACAGTGAGG-3'.

ELISA

After 2 days of coculture, the cell culture supernatant was
collected. The cytokines (IL-18, TNF-«, I1L-17, and IL-6;
catalog numbers 432601, 430901, 432504, and 431304, re-
spectively; BioLegend) and autoantibodies (anti-double
stranded DNA [anti-dsDNA] and anti—antinuclear antibody
[anti-ANA]J; catalog numbers DEIA4488 and DEIA-BJ2332,
respectively; Creative Diagnostics) were measured using an
ELISA kit according to the instructions.

At 4 weeks after MSC transplantation or IL-37 injection,
peripheral blood was collected from the eyes of the mice and
urine was collected for 24 hours by using metabolism cages.
Serum levels of the anti-dsDNA and anti-ANA antibodies were
measured using an ELISA kit according to the instructions.
The levels of total IgG1, 1gG2a, IgG2b, and IgM (catalog num-
bers 3025, 3026, 3027, and 3024, respectively; Chondrex) in
the serum and urine were measured using an ELISA kit
according to the instructions. The cytokines (IL-13, TNF-e,
IL-17, and IL-6) were also measured using an ELISA kit ac-
cording to the instructions.

The serum level of IL-37 was measured at the indicated
time after one round of IL-37 protein injection or MSCs-1L37
transplantation. Blood was collected from the retro-orbital
plexus. The ELISA (catalog number ab213798; Abcam) was
performed according to the instructions.

Urine Protein Measurement

Four weeks after MSC transplantation or IL-37 injection,
urine was collected for 24 hours using metabolic cages. The
urine proteins were measured using a Creatinine Assay Kit
(catalog number ab65340; Abcam) and a Mouse Albumin
ELISA Kit (catalog number ab108792; Abcam) according to
the instructions.

Spleen Index Measurement

The MRL/Ipr mice (18 weeks old) were fasted for 12 hours, and
then total body weight was measured. Spleens were dissected and
weighed. The spleen index was presented as spleen/body weight.

Hematoxylin and Eosin Staining and Renal Scoring

At 4 weeks after MSC transplantation or IL-37 injection, mice
were treated with heparin (200 IU/mouse, intraperitoneal in-
jection) for 15 minutes and euthanized by cervical dislocation.
Kidneys were perfused with PBS for 30 minutes and then fixed
with 10% neutral-buffered formalin fixative at 4°C for 48
hours and then 70% ethanol until tissue processing and em-
bedding in paraffin. Kidneys were sectioned (4-um thick) and
stained with a hematoxylin and eosin staining kit (catalog
number ab245880; Abcam). The histopathologic examination
was performed by three different investigators blindly. The
interobserver agreement was assessed by the intraclass
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correlation coefficient.3° The final renal pathology score was
then the average of these three scores for each picture (intra-
class correlation coefficient, 0.96; 95% CI, 0.94 to 0.98). The
renal pathology scoring was calculated as previously de-
scribed.?1-32 Briefly, each feature was scored from zero to three
according to the levels of the glomerular proliferation, inflam-
mation, necrosis, interstitial changes, vasculitis, and crescent
formation. The final renal score was the sum of these
scores.>1>32

Bioluminescence Imaging

At 3 days before MSC transplantation, cells were infected with
the Lentiviral Dual Reporter (green fluorescent protein and
luciferase, catalog number BLIV101PA-1; System Biosciences)
which was produced in 293T cells cotransfected with the pack-
aging lentiviral vectors pMD2.G and psPAX2. The successful
infection was confirmed by analyzing the expression of green
fluorescent protein by flow cytometry. At 15 minutes before
imaging, the D-luciferin (catalog number P1042; Promega)
substrate solution (150 mg/kg in around 100 ul PBS) was in-
jected intraperitoneally. Signals were detected using the IVIS
Spectrum Preclinical In Vivo Imaging System (PerkinElmer)
and analyzed using the IVIS Spectrum software.

Mimicking the Inflammatory Microenvironment In Vitro
The MSCs, MSCs-Flag, and MSCs-IL37 were stimulated with
TNF-a (20 ng/ml, catalog number 315-01A) plus IFN-vy
(50 ng/ml, catalog number 315-05; both PeproTech) for 24
hours. The recombinant IL-37 (1 ug/ml) was also used to treat
the MSCs and MSCs-Flag. Cell apoptosis was measured by
Annexin V-FITC Apoptosis Staining/Detection Kit (catalog
number ab14085; Abcam).

Statistical Analyses

Data were analyzed using SPSS software for Windows (IBM)
and are shown as mean*SEM. The ¢ test was used for two
group comparisons and one-way ANOVA was used for mul-
tiple group comparisons with normal data distribution, para-
metric test, and Tukey post hoc tests. For comparing the mice
survival rates, we used both the Kruskal-Wallis test33 and
Kaplan—Meier analysis.>* A level of P<<0.05 was considered
statistically significant.

RESULTS

IL-37 Overexpression Did Not Affect the Stem Cell
Characteristics of MSCs

Overexpressing the IL-37 in the MSCs derived from the mice
BM resulted in a fibroblast-like phenotype (Figure 1A). Suc-
cessful overexpression was confirmed by Western blot (Figure
1B). Cell surface marker analysis indicated these MSCs-1L37
were positive for the mice MSC marker CD44 and negative for
the hematopoietic marker CD45 (Figure 1C).27 Further-
more, the MSCs-1L37 could differentiate into adipocytes,
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Figure 1. IL-37 overexpression did not affect the stem cell characteristics of MSCs. MSCs were isolated from healthy MRL/MpJ mice.
They were infected with the lentivirus expressing IL-37 (MSCs-IL37) or negative control (MSCs-Flag) at passage 3. (A) Cell morphology
of the mice MSCs-IL37 or MSCs-Flag at passage 6. (B) Western blot showed the expression of IL-37 in the MSCs-IL37 at passage 6.
(C) Flow cytometry analysis of the mice MSCs-IL37 at passage 6. (D) Differentiation of adipocytes, osteocytes, and chondrocytes of
MSCs-IL37 and MSCs at passage 6. Scale bar, 200 um. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

osteocytes, and chondrocytes (Figure 1D), indicating the over-
expression of IL37 in MSCs would not affect the major character-
istics of the MSCs.

MSCs-IL37 Had an Enhanced Immune-Suppression
Function In Vitro

To study the immune-suppressive function of the MSCs-1L37, sple-
nocytes were isolated from the MRL/Ipr mice and stimulated by
PMA. After 2 days of coculture, the proliferation of the splenocytes
was analyzed by MTT assay. Data showed that the unmodified
MSCs (MSCs), MSCs infected with lentivirus expressing Flag pep-
tide (MSCs-Flag, negative control), MSCs overexpressing the IL-37
(MSCs-1L37) and the recombinant human IL-37 protein could
significantly suppress the splenocytes proliferation (Figure 2A).
Furthermore, the MSCs-IL37 had more suppressive effect on the
proliferation of the splenocytes when comparing with the MSCs,
MSCs-Flag or the IL-37 protein (Figure 2A). To eliminate the pos-
sibility that the proliferation of the MSCs also had been affected by
the splenocytes or the PMA, the MSCs were cultured for three
more days after they reached confluence and then subjected to
the coculture assay, which should stop the MSCs proliferation
through contact inhibition. In addition, the effects of splenocytes
and/or PMA on these over-confluent MSCs were also analyzed
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by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
(MTT) assay. Both the PMA and the splenocytes had no obvious
effects on the proliferation of MSCs after they reached confluence.

The PBMCs were then also isolated from the MRL/lpr mice and
cocultured with MSCs, MSCs-Flag, MSCs-1L37, and IL-37 pro-
tein. Both the mRNA and protein levels of the proinflammatory
factors IL-183, TNF-a, IL-17, and IL-6 had been significantly
suppressed (Figure 2, B and C). The MSCs-IL37 and IL-37
protein showed similar anti-inflammatory effects, which
were stronger than those of the MSCs or MSCs-Flag (Figure
2, B and C). The levels of the autoantibodies, anti-dsDNA
and anti-ANA, were also decreased by the MSCs, MSCs-Flag,
and MSCs-IL37 (Figure 2D). Although the IL-37 protein
could not significantly suppress the autoantibody produc-
tion, overexpressing IL-37 in the MSCs conferred enhanced
inhibitory effects on the production of autoantibodies (Fig-
ure 2D). Thus MSCs-IL37 had enhanced immune suppres-
sive activities in vitro.

MSCs-IL37 Alleviated SLE Symptoms in the MRL/Ipr
Mice

The therapeutic effects of the MSCs-IL37 were then evaluated
in the MRL/Ipr mice, the mice model of SLE. Transplantation

JASN 31: 54-65, 2020
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Figure 2. MSCs-IL37 had enhanced immune suppression function in vitro. (A) The proliferation assay of splenocytes derived from the
MRL/Ipr mice by MTT after coculture with the MSCs, MSCs-Flag, MSCs-IL37, or the protein IL-37 (n=3). (B) The mRNA levels of
proinflammatory factor IL-18, TNF-a, IL-17, and IL-6 in the PBMCs of the MRL/lpr mice were determined by quantitative PCR after
coculture with the MSCs, MSCs-Flag, MSCs-IL37, or the protein IL-37 (n=3). (C) The protein levels of proinflammatory factor IL-13,
TNF-a, IL-17, and IL-6 secreted by the PBMCs of MRL/|pr mice were determined by ELISA after coculture with the MSCs, MSCs-Flag,
MSCs-IL37, or the protein IL-37 (n=3). (D) The levels of the autoantibodies, anti-dsDNA and anti-ANA, produced by the PBMCs of
the MRL/Ipr mice were determined by ELISA after coculture with the MSCs, MSCs-Flag, MSCs-IL37, or the protein IL-37 (n=3).

*P<0.05.

of MSCs improved the overall survival of the MRL/Ipr mice
and overexpression of IL-37 (MSCs-1L37) further boosted this
therapeutic effect (Figure 3A). However, the IL-37 protein did
not show any obvious therapeutic effects (Figure 3A). Urine
protein concentration, spleen weight, and renal pathology
scoring analysis also indicated the MSCs-IL37 had enhanced
therapeutic effects compared with the MSCs, whereas the
IL-37 protein showed limited effects (Figure 3, B-G). This
was further confirmed by the total antibody and autoantibody
(anti-dsDNA and anti-ANA) measurements in the serum and
urine (Figure 4, A-D). However, the mRNA and protein levels
of the proinflammatory factors (IL-18, TNF-a, IL-17, and
IL-6) were significantly suppressed by the IL-37 protein, indi-
cating the IL-37 protein was functional in vivo (Figure 4, E and
F). Cell population analysis showed MSCs-IL37 could signif-
icantly suppress B220*, CD3", CD4", CD8", CD11b", B220"
CD3", CD138"1gG", and CD4'IL17" cells while increasing
the CD4"Foxp3™ cells in the PBMCs of the MRL/Ipr mice
(Figure 5, A and B). Furthermore, MSCs-IL37 could reduce
the number of B220", CD3", CD4", CD8", and CD11b" cells
in the kidney (Figure 5C). Therefore, the IL-37 protein had the
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anti-inflammation effects in vivo but could not reverse the
symptoms of the MRL/Ipr mice. MSCs-IL37 could alleviate
the lupus symptoms and also suppress the proinflammatory
factors. This therapeutic effect might also include rebalancing
of immune cell populations.

Mutual Reinforcement between the IL-37 and MSCs
Conferred the Additive Therapeutic Effects

The in vitro and in vivo data here demonstrated that IL-37
had suppressive effects on the expression of proinflamma-
tory cytokines but minimal effects on the autoantibody pro-
duction and alleviation of lupus symptoms, whereas MSCs
had both anti-inflammation and autoantibody-reduction
functions, resulting in lupus recovery. It is reasonable that
MSCs-1L37 had better anti-inflammation function, but why
it also had improved therapeutic effects—including reduc-
tion of autoantibodies—remains unclear. We hypothesized
that the anti-inflammatory effects of IL-37 might prolong
the survival of transplanted MSCs by improving the micro-
environment, whereas MSCs-1L37 could successively sup-
ply the IL-37 protein. They both benefit each other and the
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Figure 3. MSCs-IL37 alleviated the SLE symptoms of the MRL/lpr mice. (A) The survival kinetics of the MRL/lpr mice transplanted with
MSCs, MSCs-Flag, MSCs-IL37, or injected with the IL-37 protein. PBS was used as negative control (n=20). The treatments were
performed at the age of 14 weeks of the MRL/|pr mice. The MSCs were then transplanted every 2 weeks and the IL-37 protein was
injected every 2 days. *P<<0.05 in both the Kruskal-Wallis test3? and Kaplan—Meier analysis.3# (B) The urine proteins were measured by
ELISA kits at the age of 18 weeks, 4 weeks after the first treatment (n=8). (C) The ratio of the spleen/body mass was measured at the age
of 18 weeks, 4 weeks after the first treatment (n=8). (D) Representative figures of the spleens isolated from different groups. (E) Renal
pathology scoring was conducted at the age of 18 weeks, 4 weeks after the first treatment (n=8). The renal pathology scoring was
calculated according to the levels of the glomerular proliferation, inflammation, necrosis, interstitial changes, vasculitis, and crescent
formation, each feature was scored from zero to three. The final renal score was the sum of these scores. (F) Representative figures of
the affected glomeruli from different groups. The bottom row shows a larger magnification of the affected glomeruli framed in red in
the top row. Arrows indicate the affected glomeruli. (G) Counting number of cells in hematoxylin and eosin figures from different
groups. *P<0.05. Scale bar, 200 um.
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Figure 4. MSCs-IL37 reduced the expression of proinflammatory factors and antibody production in MRL/[pr mice. (A) Serum levels of
total antibodies (Ab) were measured by ELISA at the age of 18 weeks, 4 weeks after the first treatment (n=8). (B) Serum levels of the
anti-DNA antibody were measured by ELISA at the age of 18 weeks, 4 weeks after the first treatment (n=8). (C) Serum levels of the anti-
ANA antibody were measured by ELISA at the age of 18 weeks, 4 weeks after the first treatment (n=8). (D) Urine levels of the total
antibodies were measured by ELISA at the age of 18 weeks, 4 weeks after the first treatment (n=8). (E) The mRNA levels of proin-
flammatory factors IL-18, TNF-a, IL-17, and IL-6 in PBMCs of the MRL/Ipr mice were determined by quantitative PCR at the age of
18 weeks, 4 weeks after the first treatment (n=8). (F) Serum levels of the proinflammatory factor IL-18, TNF-q, IL-17, and IL-6 were
determined by ELISA at the age of 18 weeks, 4 weeks after the first treatment (n=8). *P<0.05.

long-lived MSCs-IL37 showed improved therapeutic  maximum level after 6 days and decreasing slowly until levels
effects. were undetectable 14 days later (Figure 6A). On the other

To verify the validity of our hypothesis, the serum level of  hand, luciferase-reporter tracing showed that the MSCs-
IL-37 protein was measured after IL-37 protein injection or  IL37 had improved survival after transplantation (Figure 6,
transplantation of MSCs-IL37. The treatment was performed B and C). To further confirm that the prolonged survival of the
only once on the 14-week-old MRL/Ipr mice. The data showed  transplanted MSCs-IL37 resulted from the anti-inflammatory ef-
that IL-37 protein decreased quickly and became undetectable  fects of IL-37, the inflammatory microenvironment was
1 day later (Figure 6A). However, MSCs-I1L37 had elevated = mimicked in vitro by adding the IFN-vy plus TNF-a to the
production of IL-37 after transplantation, reaching a  culture medium.3> Cell apoptosis analysis showed that adding
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Figure 5. MSCs-IL37 altered the composition of the major immune cell types in MRL/Ipr mice. (A and B) The composition of the major
immune cell types in PBMCs of the MRL/Ipr mice were analyzed by flow cytometry at the age of 18 weeks, 4 weeks after the first
treatment (n=8). (C) The composition of the major immune cell types in the kidney of the MRL/Ipr mice were analyzed by flow cytometry
at the age of 18 weeks, 4 weeks after the first treatment (n=8). *P<<0.05.

the recombinant IL-37 protein or the MSCs-1L37 significantly
reduced the levels of apoptosis (Figure 6D). Thus, the IL-37
and MSCs could mutually reinforce each other, resulting in
the additive therapeutic effects (Figure 7).

DISCUSSION

SLE is characterized by aberrant immune responses to the
body’s own tissues, resulting in immune tolerance collapse,
local tissue destruction, and chronic inflammation.!=> MSCs
have been proposed as a promising candidate for SLE treat-
ment because of their immune-modulation functions and re-
generative capabilities.® Immune suppression is one of the
underlining mechanisms for alleviating the SLE symptoms
by MSCs.8 However, the immune-suppressive function is
not an innate characteristic of MSCs. MSCs can either pro-
mote or suppress the immune system, and their function is

62 JASN

determined by their microenvironment.3¢ For example, the
immune-suppressive activities of MSCs could be stimulated
by proinflammatory factors, such as IFN-y, TNF-a, and IL-
18.%-11.1237 However, low levels of proinflammatory signals
could cause the MSCs to promote immune responses instead
due to an insufficient production of immune suppressors,
such as inducible nitric-oxide synthase or indoleamine-pyrrole
2,3-dioxygenase.3® Thus the level of the proinflammatory signals
and the host microenvironments determine the therapeutic effects
of MSCs.123940

To overcome the uncertainty of MSC therapy in vivo, ge-
netically modified or chemically primed MSCs might be more
suitable for SLE treatment.® Indeed, MSCs combined with
immunosuppressive drugs ameliorate lupus symptoms with
reduced doses of immunosuppressive drugs, potentially also
alleviating their adverse side effects.#1-44* Here we demon-
strated that genetically modified MSCs overexpressing
IL-37, a strong immune suppressor, could boost the

JASN 31: 54-65, 2020
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Figure 6. Mutual reinforcement between the IL-37 and MSCs. (A) The serum level of IL-37 protein was measured by ELISA after IL-37
protein injection or MSCs-IL37 transplantation (n=8). The MRL/lpr mice were transplanted with MSCs-37 or injected with IL-37 protein
at the age of 14 weeks; treatments were performed only once. (B) Representative figures of MSCs survival after transplantation, an-
alyzed by luciferase-reporter tracing (n=8). The MRL/Ipr mice were transplanted with MSCs-IL37, MSCs-Flag, or MSCs at the age of
14 weeks; treatments were performed only once. (C) Average radiance of the luciferase-labeled MSCs (n=8). (D) Cell apoptosis analysis
showed that the MSCs-IL37 had significantly reduced levels of apoptosis (n=3). *P<0.05.

therapeutic effects of MSCs. IL-37 improved the graft survival
of the MSCs, possibly through inhibiting the inflammatory
microenvironment. The continuous expression of IL-37 by
MSCs conferred the successive immune suppression. There-
fore, IL-37 and MSCs showed additive therapeutic effects for
the treatment of SLE in MRL/Ipr mice. One of the major limi-
tations of this study is that the mice do not have the gene IL-37,2!
thus whether IL-37 has the same function in human as in mice
requires further investigation.

However, continuous immune suppression might not be
the way to cure SLE, which has been proven by immune-sup-
pression therapies.!=> Immune-tolerance reconstruction
should be the best way to a cure but, unfortunately, it is not
feasible thus far. Therefore, the genetically modified MSCs
could alleviate SLE symptoms by suppressing the immune
system as a short-term therapy. For the long term, the trans-
planted MSCs might improve the BM microenvironment,
which is impaired in the SLE.!1®#> The immune tolerance
might then be reconstructed by the newly differentiated he-
matopoietic stem cells in the refined microenvironment or by

JASN 31: 54-65, 2020

transplanting extra hematopoietic stem cells. Furthermore,
genetic modification using genome-editing tools might
provide a better way to overexpress exogenous genes.?’

Prolonged
survival
MSCs

Sustain
gene Suppress
expression inflammatory
microenvironment
IL-37
Prolonged
half-life time

Figure 7. Proposed underlying mechanism of the mutual re-
inforcement between IL-37 and MSCs. IL-37 improved the graft
survival of the MSCs, possibly through inhibiting the inflammatory
microenvironment. The continuous expression of IL-37 by MSCs
conferred the successive immune suppression.
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