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SUMMARY

Kidney tissue injury in renal artery stenosis (RAS) involves inflammation, endoplasmic reticulum stress (ERS),
and mitochondria damage. Tumor necrosis factor-stimulated gene-6 (TSG-6), an endogenous reparative mole-
cule, may decrease ERS and improve renal function. To assess its impact on the stenotic murine kidney, we
injected TSG-6 or vehicle for two weeks in mice with RAS. At completion, we assessed stenotic kidney function
and oxygenation, inflammation, and expression of ERS-related genes. TSG-6 treatment reduced renal hypoxia,
urinary protein and plasma creatinine levels, renal fibrosis, and apoptosis. TSG-6 also exhibited an anti-inflam-
matory effect, reflected in the downregulated expression of the Toll-like receptor 4 (TLR4)/nuclear factor kB
(NF-kB) pathway in murine kidneys in vivo and HK-2 cells in vitro. Moreover, ERS-related molecules were
downregulated after TSG-6 treatment, while most indicators of mitochondrial unfolded protein response re-
mained unaltered. Therefore, TSG-6 alleviates inflammation, ERS, apoptosis, and fibrosis in the post-stenotic
mouse kidney. These observations position TSG-6 as a potential therapeutic tool in RAS.

INTRODUCTION

Renal artery stenosis (RAS) is a leading cause for secondary hy-
pertension and may result in renal tissue damage, dysfunction,
and eventually end-stage kidney disease if left untreated.’ How-
ever, while many existing treatments focus on restoring blood
flow to the kidney, kidney function does not always recover,?
likely due to persistent damage to kidney structure.® The need
to directly repair the post-stenotic kidney arises from tissue
damage and irreversible kidney dysfunction, prompting the
exploration of alternative techniques.

Inflammation, hypoxia, and fibrosis play pivotal roles in the
pathogenesis of ischemic renal damage, and the modulation of in-
flammatory signaling is a key tenet in therapeutic interventions.*
We previously found that mesenchymal stem cells (MSCs)
improved stenotic kidney injury by alleviating inflammatory re-
sponses. Notably, their therapeutic benefits were partly attributed
to MSC activation by inflammatory signals from damaged tissues,
upregulating the expression of anti-inflammatory protein tumor
necrosis factor alpha (TNF-a)-stimulated gene/protein-6 (TSG-
6).° This small protein (molecular mass ~35-38 kDa) is known
for its anti-inflammatory and tissue-protective properties in a vari-

ety of disease states, like lung injury,® rheumatoid arthritis, or
vascular injury.” Similarly, TSG-6 restored renal structure and
function in experimental rodent models of acute or chronic renal
disease.® ' Hence, we hypothesized that TSG-6 could potentially
ameliorate kidney damage due to RAS.

Furthermore, elevated inflammatory cytokines can trigger the
unfolded protein response (UPR), a cellular stress reaction associ-
ated with the endoplasmic reticulum (ER)."" The UPR serves to
reduce protein synthesis, accelerate the folding machinery, and in-
crease the degradation of unfolded proteins. Failure of UPR may
lead to ER stress (ERS) and in turnincreased production of reactive
oxygen species, inflammation, and cell death. Many insults, like
hypoxia and ischemia, that are encountered upon kidney injury
are prone to trigger ERS,'? which participates in acute and chronic
tissue damage.'® Therefore, regulating ERS in kidney cells may
provide a therapeutic target in ischemic kidney damage.’*

Moreover, inflammation also interplays with mitochondrial
stress, '° and renal ischemia affects the expression of mitochon-
dria-related genes and damages mitochondrial structure and
function in swine RAS.'® The mitochondrial UPR (mtUPR) is a
newly discovered process associated with mitochondrial quality
control and various cell stresses.'” Increased expression of
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Figure 1. Schematic of the experimental protocol and systemic characteristics of mice after TSG-6 injection

Twenty-four mice were randomly assigned to four groups. Renal artery stenosis (RAS) and sham surgery were performed in 12 mice each. Two weeks later, TSG-6
was administered to RAS and sham mice every other day over two weeks, while control RAS and sham mice received PBS. Blood pressure was measured every
2 weeks. At the completion of treatment, MRI scanning was performed, plasma and urine samples were collected, and kidneys were harvested for ex vivo exper-
iments (A). RAS increased in mice systolic blood pressure (SBP) two and four weeks after surgery (B), as well as plasma creatinine (C) and urine protein level (D) at
4 weeks. TSG-6 tended to reduce SBP and blunted the increase of serum creatinine and urine protein levels. Data are represented as mean + SD. *p < 0.05,
comparisons were performed using one-way ANOVA followed by Fisher’s least significant difference (LSD) test or a paired t test as appropriated, n = 6 mice/group.

chaperone proteins and mitochondrial proteases during the
mtUPR could change mitochondrial protein dynamics, thus
modulating mitochondrial function.'® Preserving mitochondrial
and ER function prevents or delays the fibrotic process and
loss of renal function in a unilateral ureteral obstruction model.'®
These observations suggest that targeting the ERS and mito-
chondrial stress responses could be a potential therapeutic
strategy for kidney damage in RAS.

TSG-6 exerts protective effects in spinal cord ischemia-reper-
fusion damage by inhibiting ERS.?° However, the potential pro-
tective effects of TSG-6 in renal damage induced by RAS, the
associated molecular mechanisms, or its ability to modulate
ERS in ischemic kidneys remains unclear. Therefore, we tested
the hypothesis that TSG-6 administration attenuates inflamma-
tory markers, ERS, and mtUPR in murine RAS, accompanied
by reduced renal damage.

RESULTS

Characteristics of mice after TSG-6: Improved stenotic
kidney function

RAS surgery resulted in a significant increase in systolic blood
pressure (SBP) two weeks post-surgery, indicating successful
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induction of RAS (Figure 1). By 4 weeks, SBP remained elevated
in RAS+vehicle but was no longer different than either baseline or
2 weeks in RAS+TSG-6, (Figure 1). Furthermore, following
TSG-6 treatment, serum creatinine (p < 0.001) and urinary pro-
tein levels (p = 0.002) were significantly reduced compared to
RAS+vehicle group (Figure 1). Contrarily, stenotic kidney volume
did not increase in RAS+TSG-6 vs. RAS, and cortical and med-
ullary perfusion that were lower than sham in RAS remained
decreased in RAS+TSG-6 (Figure 2).

On the other hand, MRI revealed that RAS+vehicle had signif-
icantly elevated cortical and medullary hypoxia compared to
both sham groups, but treatment with TSG-6 in RAS reduced
hypoxia to levels similar to sham (Figure 2).

TSG-6 protected the stenotic kidney from fibrosis and
apoptosis

Histology showed that TSG-6 treatment ameliorated stenotic
kidney tissue damage, as indicated by the decreased fibrosis
in RAS+TSG-6 vs. RAS+vehicle (p < 0.001) (Figures 3A and
3B), which became comparable to the sham group. The number
of apoptotic cells in the stenotic kidneys of RAS mice signifi-
cantly increased but decreased following TSG-6 treatment (p =
0.03 vs. RAS, Figures 3C and 3D).
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Figure 2. Kidney function obtained using MRI in mice

The stenotic kidney (STK) volume, cortical, and medullary perfusion all decreased in RAS and remained unchanged in RAS+TSG-6 (p < 0.05 vs. RAS) (A-C),
although renal volume was no longer lower than sham. Cortical and medullary hypoxia measured by BOLD-MRI was evident in RAS. Treatment with TSG-6
significantly decreased kidney hypoxia compared to RAS and became comparable to sham (D and E). Representative BOLD images showing elevated R2*
(red regions) in RAS that was remarkably decreased by TSG-6 (F). Data are represented as mean + SD. *p < 0.05, comparisons were performed using one-way

ANOVA followed by Fisher’s LSD test, n = 6 mice/group.

TSG-6 ameliorated renal inflammation

The ratio of M1/M2 in RAS mice significantly increased
compared to sham (p = 0.03); RAS+TSG-6 showed a trend for
decreased M1/M2 (p = 0.08), which was no longer different
from sham (Figures 3E and 3F). RAS kidneys showed elevated
gene and protein expression of the pro-inflammatory cytokine
TNF-a, as well as nuclear factor kB (NF-kB) and Toll-like receptor
4 (TLR4). RAS+TSG-6 showed downregulated expression of all
the inflammatory markers and TLR4/My88, indicating that the
protective effects of TSG-6 may act through the TLR4-mediated
inflammatory pathway (Figure 4).

TSG-6 abolished ERS but not mtUPR in stenotic kidneys

We observed upregulated both mRNA and protein expression of
C/EBP homologous protein (CHOP) and GRP78 in RAS, indi-
cating ERS was alleviated in RAS+TSG-6 (Figure 4). TSG-6
was mainly expressed in renal tubular and interstitial cells (Fig-
ure 4). Importantly, TSG-6 expression was similar in normal
and RAS kidneys but boosted in both sham and RAS mice
treated with intraperitoneal (i.p.) TSG-6 injections, indicating
the treatment efficacy. The transcription factor ATF4 can be

associated with either ERS or mtUPR. However, we found no
significant changes in the expression of the mtUPR-related
genes ClpP, LonP1, Hsp10, or Hsp60 in any group, while the
ERS indices protein kinase R-like endoplasmic reticulum kinase
(PERK) and elF20 were also elevated in stenotic RAS kidneys
and ameliorated in RAS+TSG-6 (Figure 5), suggesting that
TSG-6 eliminated ERS but not mtUPR in stenotic kidneys.

TSG-6 partially inhibits the TLR4/NF-«B inflammatory
pathway in vitro

In HK-2 cells, lipopolysaccharide (LPS) upregulated both TLR4
and NF-kB expression. TSG-6 treatment alone abolished LPS-
stimulated TLR4 and decreased NF-«kB expression to levels no
longer different from control. The combination of TSG-6 with
TLR4 inhibition did not decrease TLR4 any further but additively
abolished NF-kB expression. Taken together, these observa-
tions suggest that TSG-6 inhibits NF-«B at least partially by in-
hibiting TLR4 (Figure 5). For comparison, TGS-6 significantly
decreased TNF-a expression, whereas TAK-242 alone did not
(Figure 5), suggesting that TSG-6’s anti-inflammatory effects
may not be uniformly achieved only through the TLR4 pathway.
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Figure 3. Renal fibrosis and apoptosis in RAS
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Sham+TSG-6 RAS+TSG-6

Quantification of Masson trichrome staining revealed increased renal fibrosis in RAS vs. sham, which was lowered by TSG-6 (both p < 0.05) (A and B). TUNEL
staining (green, blue nuclei) indicated almost no apoptotic cells in the sham and sham+TSG-6 groups. RAS markedly increased the number of TUNEL+ cells,
which TSG-6 significantly decreased (C and D). White arrows show representative TUNEL-positive cells. RAS increased the number of INOS+/F4/80 + M1
macrophages, which was reduced after TSG-6. A greater number of MRC-1+/F4/80 + M2 macrophages were observed in the stenotic kidney of RAS+TSG-6 vs.
RAS. The M1/M2 ratio in RAS was higher than sham, and TSG-6 tended to reduce it (E and F). Orange arrows: M1 macrophages; white arrows: overall mac-
rophages; yellow arrows: M2 macrophages. Data are represented as mean + SD. *p < 0.05, comparisons were performed using one-way ANOVA followed by

Fisher’s LSD test, n = 6 mice/group.
DISCUSSION

This study shows that TSG-6 can ameliorate kidney function in
mice with RAS, as demonstrated by the decrease in serum creat-
inine and urinary protein. TSG-6 also decreased kidney hypoxia
and fibrosis and slightly increased kidney volume, although it did
not affect cortical or medullary perfusion. Furthermore, TSG-6
downregulated inflammatory marker expression partially thro-
ugh the TLR4/NF-«xB pathway and decreased the M1/M2 ratio.
In addition, TSG-6 also blunted renal cell apoptosis and ERS
(ATF4, ATF5, GRP78, PERK, CHOP, and elF2o expression).
Overall, TSG-6 improved the RAS kidney function and inhibited
inflammation and ERS-induced apoptosis. These observations
position TSG-6 as a potential therapeutic tool in RAS.
Renovascular hypertension is primarily driven by RAS and
can progress to end-stage renal disease. The kidney situated
distal to the stenosis exhibits microvascular rarefaction,
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heightened oxidative stress, inflammation, and interstitial fibro-
sis.’’ In particular, accumulated macrophages®*** and ische-
mia trigger the release of pro-inflammatory cytokines including
interleukin (IL)-1, IL-6, monocyte chemoattractant protein-1
(MCP-1), and TNF-a,°%** thereby exacerbating renal damage
and fibrosis. We have previously observed that MSCs effec-
tively reduce renal levels of TNF-a and IL-18, potentially
contributing to the improvement in microvascular structure in
RAS.?® This may be partly mediated by secreting TSG-6,
which plays a crucial role in anti-inflammation and promoting
kidney tissue repair.”

TLRs are evolutionarily conserved pattern recognition recep-
tors that play a crucial role in mediating innate and adaptive im-
mune responses. They detect and respond to exogenous inju-
rious ligands and endogenous danger-associated molecular
patterns generated following tissue damage.?® In angiotensin-
ll-induced hypertensive nephropathy, the interaction between
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Figure 4. The effect of TSG-6 on kidney inflammation and ERS in RAS
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Renal protein expression of TNF-a, TLR4, and NF-«kB was upregulated in RAS but markedly decreased in RAS+TSG-6 mice. In mRNA level, RAS+TSG-6 showed
downregulated expression of all the inflammatory markers and TLR4/My88. TSG-6 was mainly expressed in renal tubular and interstitial cells and similarly in
normal and RAS kidneys, but its expression was augmented in both sham and RAS mice treated with i.p. TSG-6 injections. Both mRNA and protein expression of
CHOP and GRP78 were increased in RAS and were alleviated in RAS+TSG-6. Data are represented as mean + SD. *p < 0.05, *p < 0.01, **p < 0.001,
****p < 0.0001, comparisons were performed using one-way ANOVA followed by Fisher’s LSD test, n = 5-6 mice/group.

TLR4 and MyD88 activates NF-«kB, increasing the production of
inflammatory and fibrotic factors.?” The TLR4/MyD88/TRAF6/
NF-«kB pathway is also activated in the adenine-induced
chronic kidney disease (CKD) in rats.?® Our in vitro study
confirmed that TSG-6 inhibits NF-kB at least in part through
TLR4, whereas suppression of TNF-a expression was unlikely
achieved through this pathway. Hence, while the TLR4/NF-kB
inflammatory pathway is prominently involved in mediating
the effects of TSG-6, it clearly confers anti-inflammatory effects
via additional mechanisms.

We have previously shown that blood oxygenation level-
dependent (BOLD)-determined hypoxia correlates with renal
vein MCP-1 and neutrophil gelatinase-associated lipocalin
levels.? In the current study, TSG-6 treatment reduced cortical
and medullary hypoxia in the stenotic kidney, which may also
be attributed to the improvement of the inflammatory microenvi-
ronment. Contrarily, it did not affect renal perfusion, suggesting
that the decreased hypoxia may be linked to improved metabolic

efficiencies in tubular transport activities rather than expanded
microcirculation.

Apoptosis develops in response to cellular damage including
inflammation. TNF-o plays a role in mediating apoptosis in renal
tubular cells induced by unilateral ureteral obstruction and proap-
optotic signaling,>® and RAS increases the numbers of TUNEL+
and caspase-3+ cells.?> Furthermore, apoptosis directly or
indirectly promotes the inflammation induced by renal ischemia-
reperfusion and subsequent tissue damage.®' Our results indi-
cated that TSG-6 effectively mitigates stenotic kidney apoptosis
in mice and downregulates the key transcription factors ATF4,
ATF5, and CHOP, key components of the ERS and mtUPR that
are both associated with apoptosis.®***

Many stresses encountered upon kidney damage are prone to
trigger ERS,** which initiates and advances kidney diseases by
promoting inflammation and apoptosis. Diabetic rats develop
enhanced kidney cell apoptosis secondary to ERS, as evidenced
by increased expression of CHOP, c-Jun N-terminal kinase
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Figure 5. Renal mRNA expression of ERS and mtUPR genes in vivo and the effect of TSG-6 on the TLR4/NF-«B inflammatory pathway in vitro
Left, TSG-6 downregulated the elevated ATF4, ATF5, PERK, and elF2a. mRNA expression observed in the stenotic murine kidney. The mRNA expression of
ClpP, LonP1, Hsp60, and Hsp10 remained unaltered. Right, in HK-2 cells, LPS upregulated both TLR4 and NF-kB expression. TSG-6 treatment alone
abolished LPS-stimulated TLR4 and decreased NF-«B expression to levels no longer elevated vs. control, while its combination with TLR4 inhibition further
abolished NF-kB expression. TGS-6 treatment significantly decreased TNF-a expression, whereas TAK-242 alone did not. Data are represented as mean +
SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, comparisons were performed using one-way ANOVA followed by Fisher’s LSD test, n = 5-6 mice/group

orn =6 samples.

(UNK), and caspase-12."® TNF-a, primarily produced by acti-
vated macrophages in stenotic mouse kidneys, induces apopto-
sis through ERS by upregulating CHOP and GRP94 expres-
sion.*>*® Importantly, MSCs downregulate CHOP and GRP94
expression in the stenotic kidneys ER and bestow protective ef-
fects on renal tubular cell apoptosis induced by thapsigargin-
induced ERS.?* Pertinently, TSG-6 released from MSCs exhibits
anti-inflammation properties in RAS.® In spinal cord ischemia-re-
perfusion damage, TSG-6 released from adipose MSC-derived
extracellular vesicles exerts protective effects by inhibiting
ERS.?° Our current study extends previous studies and demon-
strates that TSG-6 attenuates RAS-induced kidney damage in
association with inhibiting ERS and apoptosis. Notably, elevated
urinary protein excretion is associated with tubular damage and
ERS.%"*8 We found that TSG-6 delivery reduced the elevated
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proteinuria levels in RAS, possibly due to the improvement of
ERS. Thus, the ability of TSG-6 to alleviate ERS may reflect a
broader impact on cellular homeostasis, contributing to its over-
all remedial effects in the context of ischemic kidney disease.
The ERS shares common mediators with the cellular process
mtUPR. Mitochondria possess a unique set of chaperones
responsible for the import, refolding, and prevention of protein
aggregation. Disruption of this mechanism triggers the mtUPR,
characterized by the upregulation of mitochondrial chaperones
such as Hsp60 and proteases like LonP1.3%“? While a moderate
mtUPR can mitigate the initial damage and confer protective ef-
fects,”'"*? extensive or prolonged activation is detrimental and
counterproductive.*®> Recent studies suggest that the mtUPR
may play a role in cell death, potentially linked to the increased
expression of CHOP.** ERS can cause elF2a phosphorylation
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through integrated stress response, which further upregulates
the translation of mediators like CHOP, ATF4, and ATF5 that
are transferred to the nucleus to initiate transcription of
mtUPR-related genes.*>*® Hence, mitochondrial stress may be
a consequence of ERS. Interestingly, the mtUPR markers re-
mained unaltered in RAS, implying that mtUPR is not activated
or at least is preceded by ERS in our model of early RAS. Further
investigations are warranted to unravel the specific interplay be-
tween ERS and mitochondrial function in the ischemic renal
tissue.

In conclusion, our study underscores the reno-protective ef-
fects of TSG-6 in murine RAS, positioning it as a potential strat-
egy to arrest stenotic kidney damage in renovascular disease.
Its ability to enhance renal function, mitigate fibrosis and
apoptosis, and modulate inflammatory and ERS pathways
demonstrates its multifaceted therapeutic potential. Further
studies are needed to verify its potential favorable influence
on human RAS.

Limitations of the study

Despite our promising findings, we need to acknowledge the lim-
itations of our study. The mouse model may not fully recapitulate
the complexity of human renal diseases, and the extrapolation to
clinical settings requires careful consideration. Given the small
size and limited tissue availability of the atrophied stenotic kid-
neys, we focused on gene expression and on protein expression
using immunostaining that requires smaller samples than west-
ern blotting. Although TSG-6 improved renal oxygenation,
inflammation, and apoptosis in stenotic kidneys, it only slightly
attenuated renovascular hypertension, which might necessitate
multiple injections or higher doses of TSG-6. Additionally, future
research also needs to explore the potential interaction between
ERS and mtUPR.
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GRP78 antibody Abcam Cat#ab21685; RRID:AB_2119834
Chemicals, peptides, and recombinant proteins

Recombinant human TSG-6 R&D Systems Cat#2104-TS

Critical commercial assays

TAK-242 EMD Millipore Cat#614316

DetectX Serum Creatinine kit Arbor Assays KB02-H1

Pierce BCA Protein Assay kit Thermo Fisher Cat#23225

TUNEL Apoptosis Detection Kit Promega Cat#G3250

Total RNA Extraction Kit Thermo Fisher AM1556

SuperScript VILO cDNA Synthesis Kit Thermo Fisher Cat#11754-050

NF-kB Tagman Assay Thermo Fisher mmO00476361

MyD88 Tagman Assay Thermo Fisher mmO00440338

TLR4 Tagman Assay Thermo Fisher mm00445273

TNF-o Tagman Assay Thermo Fisher mm00443258

ATF4 Tagman Assay Thermo Fisher mm00515325

ATF5 Tagman Assay Thermo Fisher mmO04179654

GRP78 Tagman Assay Thermo Fisher mmO00517691

PERK Tagman Assay Thermo Fisher mm00438700

elF2a Tagman Assay Thermo Fisher mmO01289723

CHOP Tagman Assay Thermo Fisher mmO01135937

ClpP Tagman Assay Thermo Fisher mm00489940

LonP1 Tagman Assay Thermo Fisher mmO01236887

HSP60 Tagman Assay Thermo Fisher mm00849835

HSP10 Tagman Assay Thermo Fisher mm07295795

GAPDH Tagman Assay Thermo Fisher mm99999915

Experimental models: Cell lines

Human: HK-2 ATCC CRL-2190

Experimental models: Organisms/strains

Mouse: male S129 Jackson Laboratory 002448

Software and algorithms

ZEN Microscopy software
https://www.zeiss.com/microscopy/en/
products/software/zeiss-zen.html
GraphPad Prism
http://www.graphpad.com/
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GraphPad

RRID:SCR_013672

RRID:SCR_002798
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
ImagedJ software NIH RRID:SCR_003070
https://imagej.net/

MATLAB software MathWorks RRID:SCR_001622
http://www.mathworks.com/products/matlab/

Nikon NIS-Elements AR Analysis software Nikon Version 5.42.02
SPSS Statistics IBM RRID:SCR_002865
http://www-01.ibm.com/software/uk/ v.29 software
analytics/spss/

Other

DMEM/F12 medium Thermo Fisher Cat#10565-018
Fetal Bovine Serum (FBS) Thermo Fisher Cat#26140-079
Lipopolysaccharide (LPS) Sigma-Aldrich Cat#L4524

DAPI Thermo Fisher Cat#P36935

Nikon Fluorescence Microscope Nikon Eclipse Ci

Nikon microscope Nikon Eclipse Ci

PBS Thermo Fisher Cat#14190-144
CODA High Throughput System Kent Scientific CODA 21804
(blood pressure measurement)

MRI System Bruker Ultrashied™ 700WB Plus
Zeiss Microscope Carl Zeiss Observer Z1

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Twenty-four male or female S129 mice, 11 weeks old (Jackson Laboratory, Bar Harbor, ME), were housed in groups of 3—4 per cage
at a temperature of 21°C-23°C, following a 12-h light/dark cycle, with unrestricted access to city water and standard chow (Fig-
ure 1A). Acute experiments were carried out in a designated animal surgery suite in the late morning, around 11 a.m. RAS was
induced in 12 mice using the two-kidney one-cuff model.*” After isoflurane anesthesia (1.5-2.0%), the right kidney was exposed
and the renal artery isolated. A 0.2 mm diameter, 0.5mm-long cuff (Polyetrafluoroethylene, Braintree Scientific, Braintree, MA) cut
longitudinally was placed around the renal artery, and secured with nylon suture. The kidney was returned and the incisions sutured.
Successful RAS surgery was confirmed by subsequent right-to-left volume or weight ratio of less than 0.9, and no mice were
excluded in this study. A sham surgery was performed in 12 mice. Two weeks after surgery, RAS and sham mice were randomly
assigned to TSG-6 or vehicle treatment (n = 6 each group, based on our previous studies in which the inclusion of 6 animals allowed
detecting statistically significant changes in RAS kidney).*® Recombinant human TSG-6 (rhTSG-6; 519/200uL PBS; R&D, Minneap-
olis, MN)*®°° was administered intra-peritoneally (IP) to 6 RAS and 6 sham mice every other day 7 times over two weeks. The control
mice (6 RAS and 6 sham) received 7 IP injections each of 200uL PBS. The ARRIVE reporting guidelines were used in this paper®' (Data
S1). All procedures (including procedures reducing pain, suffering and distress) were approved by the Mayo Clinic Institutional Animal
Care and Use Committee (A00006226-21).

METHOD DETAILS

Systemic measurements

Blood pressure measurements were taken using the tail cuff method at baseline, 2 weeks, and 4 weeks post-surgery around 9 a.m.
with the CODA High Throughput system (Kent Scientific, Torrington, CT).>? Blood and urine samples were collected prior to eutha-
nasia. Plasma creatinine levels were measured with the DetectX Serum Creatinine kit (Arbor Assays, Ann Arbor, MI), and urine protein
levels were determined using the Pierce BCA protein assay kit (ThermoFisher, Cat#23225).°°

MRI-derived renal function

After completing the regimen, all mice underwent 16.4-T magnetic resonance imaging (MRI) scans to evaluate renal oxygenation, perfu-
sion, and blood flow. The mice were anesthetized with 1.0-2.0% isoflurane and their ECG, respiration, and body temperature were
continuously monitored (SA Instruments, Stony Brook, NY). A vertical animal scanner with a 38-mm inner diameter birdcage coil (Bruker,
Billerica, MA) was utilized. Renal volume was assessed using coronal images captured by a respiration-gated three-dimensional fast
imaging sequence with steady precession. Arterial spin labeling with the flow-sensitive alternating inversion-recovery sequence was
employed to measure renal perfusion and blood flow. Renal oxygenation was measured by blood-oxygen-level-dependent MRI using
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a respiration-gated three-dimensional multi-echo gradient echo sequence. ANALYZE software (version 12.0, Biomedical Imaging
Resource, Mayo Clinic, MN) was used to quantify renal volumes, and all other MRI images were reconstructed and analyzed offline
with software packages in MATLAB (The MathWorks, Natick, MA).>*°°

Histological staining

Masson’s trichrome staining was performed to evaluate renal fibrosis in paraffin-embedded kidney sections. Twenty randomly

selected nonoverlapping fields from each kidney were analyzed in a blinded manner using Imaged (National Institutes of Health).

Fibrosis was measured by determining the proportion of the tissue cross-sectional area that exhibited positive staining.
Apoptosis was evaluated using immunofluorescence staining with terminal dUTP nick-end labeling (TUNEL) (cat#G3250, Prom-

ega) on 5-um kidney cross sections. Positive cells were manually counted in 15-20 fields under fluorescence microscopy (ZEN

2012 Blue Edition, Carl Zeiss).*®

Immunofluorescence staining

Macrophages can be classified roughly into a pro-inflammatory (M1) or anti-inflammatory (M2) phenotype. Kidney tissue was double-
stained with F4/80 (macrophages) (cat#ab6640) and mannose receptor-1 (MRC-1) (M2) (cat#HPA004114-100UL) or inducible nitric
oxide synthase (iNOS) (M1) (cat#SC-7271). After nuclear staining with DAPI, double immune-stained cells were visualized with a Ni-
kon fluorescence microscope (40X). Ten randomly selected nonoverlapping images taken from each kidney were used to count M1
and M2 macrophages, and subsequently, the M1/M2 ratio was calculated. Furthermore, renal IF staining were performed to detect
protein expressions of TSG-6 (sc398307, 1:50), toll-like receptor-4 (TLR4) (NB100-56566, 1:500), tumor necrosis factor-a. (TNF-o)
(CRG0511071, 1:200), nuclear factor kappa-light-chain-enhancer of activated B-Cells (NF-«B) (aliases Nfkb) (ab106129, 1:3000),
C/EBP homologous protein (CHOP) (LS-C352113, 1:100), and glucose-regulated protein-78 (GRP78) (ab21685, 1:400). Images
(10 per slide) were taken with a Nikon microscope and quantified using ImageJ.

Real-time PCR (PCR)

Total RNA was extracted from kidney tissue (ThermoFisher, AM1556), and superScript VILO cDNA Synthesis kit (Waltham, MA;
ThermoFisher, cat#11754-050) was used to generate cDNA from 800/ng of total RNA. Quantitative PCR was conducted with Tagman
assays (ThermoFisher) and primers for inflammatory markers such as Nfkb (mm00476361), myeloid differentiation primary response
protein-88 (Myd88) (mm00440338), Tir4 (mm00445273), Tnf (aliases TNF-a) (mm00515325), and activating transcription factor-4
(Atf4) (mmO00515325), ERS genes primers included activating transcription factor-5 (Atf5) (mm04179654), heat shock protein
family-A member-5 (Hspa5) (aliases GRP78) (mm00517691), eukaryotic translation initiation factor-2 alpha kinase-3 (Eif2ak3) (aliases
protein kinase R-like endoplasmic reticulum kinase, PERK) (mm00438700), eukaryotic translation initiation factor-2, subunit-1-alpha
(Eif2s1) (aliases eukaryotic translation initiation factor-2a, elF2a) (mm01289723), DNA-damage inducible transcript-3 (Ddit3) (aliases
CHOP); mtUPR genes primers included caseinolytic mitochondrial matrix peptidase proteolytic subunit (Clpp) (mm00489940), Lon
protease-1 (Lonp1) (mm01236887), heat shock protein-1 (chaperonin) (Hspd1) (aliases Hsp60) (mm00849835), heat shock protein-1
(chaperonin-10) (Hspe1) (aliases Hsp10) (mm07295795), and glyceraldehyde-3-phosphate dehydrogenase (Gapdh) (mm99999915).
Relative mRNA levels were normalized to Gapdh mRNA by the 2-22°T method. Each sample was processed in duplicate.

In-vitro study

To establish a mechanistic role for TSG-6 through the TLR4/NF-«B inflammatory pathways, HK-2 (CRL-2190, ATCC) human adult
male kidney cells were cultured in DMEM/F12 supplied with 10% FBS in chamber slides, 6 wells per group. Cells were treated
with a TLR4 stimulator lipopolysaccharide (LPS, Sigma-Adrich, cat#L. 4524, 8ig/ml)°® for 24h, or its inhibitor TAK-242 (EMD Millipore,
cat#614316, 5uM)°’ for 72h, with or without adding TSG-6 (rhTSG-6, R&D Systems, 100 ng/ml) for 24h. Cells were then fixed and
stained with antibodies against TLR4 (NB100-56566, 1:100), NF-xB (ab106129, 1:1000), and for comparison purposes also with
TNF-a (CRG0511071, 1:100). Six images/well were taken with 40x lens in a Nikon microscope at the same exposure setting, and their
average intensity was quantified using Nikon NIS-Elements AR Analysis version 5.42.02.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed with GraphPad Prism-9 (GraphPad Software, San Diego, CA). Results are presented as mean +
SD. Statistical significance was evaluated using one-way analysis of variance (ANOVA), with the Least Significant Difference (LSD)
method applied for comparison between two groups or a paired t-test between experimental periods. p values smaller than 0.05 were
considered significant and are indicated in the Figure Legends with an asterisk; specifically, *p < 0.05, *p < 0.01, **p < 0.001,

p < 0.0001 denote increasing levels of significance. For each experiment, ‘n’ indicates the sample size (number of mice or
experiments).
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