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ABSTRACT

Objective This study was initiated to evaluate the
mammalian target of the rapamycin (mTOR) signalling
pathway involved in renal endothelial-podocyte crosstalk
in patients with lupus nephritis (LN).

Methods We compared the kidney protein expression
patterns of 10 patients with LN with severe endothelial-
podocyte injury and 3 patients with non-severe
endothelial-podocyte injury on formalin-fixed paraffin-
embedded kidney tissues using label-free liquid
chromatography-mass spectrometry for quantitative
proteomics analysis. Podocyte injury was graded

by foot process width (FPW). The severe group was
referred to patients with both glomerular endocapillary
hypercellularity and FPW >1240 nm. The non-severe
group included patients with normal endothelial capillaries
and FPW in the range of 619~1240 nm. Gene Ontology
(GO) enrichment analyses were performed based on the
protein intensity levels of differentially expressed proteins
in each patient. An enriched mTOR pathway was selected,
and the activation of mTOR complexes in renal biopsied
specimens was further verified in 176 patients with LN.
Results Compared with those of the non-severe group,
230 proteins were upregulated and 54 proteins were
downregulated in the severe group. Furthermore, GO
enrichment analysis showed enrichment in the ‘positive
regulation of mTOR signalling’ pathway. The glomerular
activation of mTOR complex 1 (mTORC1) was significantly
increased in the severe group compared with the non-
severe group (p=0.034), and mTORC1 was located in
podocytes and glomerular endothelial cells. Glomerular
activation of mTORC1 was positively correlated with
endocapillary hypercellularity (r=0.289, p<0.001) and
significantly increased in patients with both endocapillary
hypercellularity and FPW >1240 nm (p<0.001).
Conclusions Glomerular mTORC1 was highly activated in
patients with both glomerular endocapillary hypercellularity
and podocyte injury, which might be involved in podocytes
to endothelial cells communication in lupus nephritis.

INTRODUCTION

SLE is a chronic autoimmune disease that
affects multiple organs, and the kidneys
are involved in nearly 60% of patients.' *
Glomeruli are the main target of inflamma-
tion and immune deposits in lupus nephritis

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Endothelial cell-podocyte crosstalk might play a crit-
ical role in glomerular injury in lupus nephritis, and
its regulatory molecular mechanisms still need to be
explored.

WHAT THIS STUDY ADDS

= Glomerular mammalian target of the rapamycin
(mTOR) complex 1 activation might be involved in
podocytes to endothelial cells communication in lu-
pus nephritis.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Rational inhibition of mTOR after evaluating the re-
nal activation of mTOR may especially help rescue
glomerular injury.

(LN).?” Both the 2018 International Society of
Nephrology/Renal Pathology Society (ISN/
RPS) classification for LN and National Insti-
tutes of Health (NIH) activity and chronicity
indices highlighted the clinical value of
glomerular lesions in LN.?

Our previous studies suggested that glomer-
ular endothelial cells and podoczte injury were
both prominent lesions in LN.*"1In particular,
the loss of podocyte integrity measured by foot
process width (FPW) was positively correlated
with the level of proteinuria, and a threshold
FPW >1240 nm was identified to differentiate
nephrotic proteinuria from non-nephrotic
proteinuriain LN.°*More importantly, the renal
pathological scores of endothelial cell swelling
and/or proliferation were positively correlated
with FPW in patients with LN complicated with
thrombotic microangiopathy (TMA).” The
vascular endothelial growth factor (VEGF) and
endothelin-1 system between glomerular endo-
thelial cells and podocytes might play a critical
role in the association between endothelial and
podocyte injury,7_ll although a more precise
molecular signalling pathway concerning their
crosstalk remains to be further elucidated.
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Mammalian target of rapamycin (mTOR) is an evolu-
tionarily conserved serine-threonine kinase that regulates
cell growth, proliferation, metabolism and survival in
response to hormonal and nutrient signals.'*™"” Increasing
evidence indicates that mTOR plays an important role
in the regulation of renal cell homeostasis and auto-
phagy.'*"° More interestingly, our previous work showed
that high glomerular activation of mTOR complex 1 and
2 (mTORC1/2) was observed in endothelial cells and
podocytes in patients with LN.'” The activation of glomer-
ular mTORCI was especially associated with pathological
endocapillary hypercellularity and clinical proteinuria.'”
Thus, we propose that mTOR signalling pathways may be
involved in the endothelial-podocyte crosstalk in LN.

Here, we initially evaluated the alterations in protein
expression profiles based on proteomics in the renal spec-
imens of patients with LN with different degrees of endo-
thelial cell and podocyte injury, and intended to uncover
the role of mTOR signalling pathways in the endothelial-
podocyte crosstalk of the disease with larger samples.

MATERIALS AND METHODS

Patients

Complete clinical and pathological data from 13 patients
with renal biopsy-proven LN for proteomic analysis (the
baseline data are listed in online supplemental table 1)
and 176 patients with renal biopsy-proven LN for further

verified analysis (their baseline data are listed in online
supplemental table 2) at Peking University First Hospital
from 2003 to 2018 were collected. Among the 176 patients,
75 in the severe endothelial-podocyte group and 10 in the
non-severe endothelial-podocyte group were selected for
validation of the proteomic results (figure 1). To investi-
gate the specificity of our findings, we selected 17 patients
with IgA nephropathy (IgAN) as a control group: 10
patients who had endocapillary proliferation (according
to the 2016 Oxford Classification of IgA nephropathy'®)
and 7 patients without endocapillary proliferation.

Clinical evaluation

The clinical data of patients with LN were extracted
from the electronic medical records of Peking Univer-
sity First Hospital. The disease activity was assessed by the
SLE Disease Activity Index (SLEDAI)." * Serum ANAs
and anti-double-stranded DNA antibodies were detected
using an indirect commercial immunofluorescence assay.
Serum C3 was determined using a rate nephelometry
assay (Beckman-Coulter, IMMAGE, Fullerton, California,
USA).

Renal histopathology

Renal biopsy specimens were examined according to the
2018 ISN/RPS classification system” by light microscopy,
direct immunofluorescence and electron microscopy.
Pathological parameters, including activity indices (Al)

Study population
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Figure 1

Flow chart of the enrolled population. FPW, foot process width; LN, lupus nephritis.
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and chronicity indices (CI), were determined by semi-
quantitative scoring of specific biopsy features.” The semi-
quantification of glomerular endothelial cell injury was
referred to as endocapillary hypercellularity defined by
pathologists based on the NIH system.”

Morphometric analysis of FPW
Morphometric analysis of FPW was performed as
described previously.” " From each patient, the arithmetic
mean of the FPW was calculated as follows:
GBM  length
FPW=T x W
Podocyte injury was graded by FPW, and FPW >1240 nm
was the most applicable cut-off value that could differen-
tiate nephrotic proteinuria from non-nephrotic proteinuria
with a sensitivity of 81.5% and a specificity of 62.7% by ROC
curve analysis in patients with LN according to our previous
data.’” In our centre, the normal range of FPW was 553+34
nm.’ The bilateral reference range of normal distribution
data was usually the 95% central of normal results, which
was calculated as ‘X 4 1.96S5° (X = 553, S = 34); thus, the
reference range of FPW in healthy people was 486~619 nm.
Severe podocyte injury was defined as an FPW >1240 nm,
and the non-severe group was defined based on an FPW in
the range of 619~1240 nm.

Mass spectrometry and proteomics

Formalin-fixed paraffin-embedded kidney tissues from
patients with LN were digested by LysC and trypsin.
After quantification of peptide concentration by Pierce
Quantitative Colorimetric Peptide Assay kits, samples
(2 mg each) were loaded for MS analysis. Next, label-
free liquid chromatography-mass spectrometry analysis
was performed on an Easy-nLC System (Thermo Fisher
Scientific), and samples were analysed with a Q) Exactive
mass spectrometer (Thermo Fisher Scientific). The
detailed mass spectrometry procedures were described
in a previous study.'” ' Raw data were searched against
the UniProt Homo species database. Proteins that met
the inclusion criteria had at least a twofold change,
and p<0.05 was used to identify differentially expressed
proteins (DEPs). GO (Gene Ontology) enrichment anal-
yses were performed on the David website (https://david.
nciferf.gov/).

Renal immunohistochemistry assay

Tissue samples were dewaxed and rehydrated. After
antigen heated retrieval and blocking with 3% bovine
serum albumin (BSA), tissues were incubated with
primary rabbit antiphospho-S6 ribosomal protein (Ser
235/236) antibody or p-AKT (Ser473) (Cell Signaling
Technology, Massachusetts, USA) (representative
activation marker of mTORCI1 and mTORC2, respec-
tively)'” # or anti-CD8 (Abcam) or anti-FOXP3 anti-
body (Sigma), followed by incubation with secondary
antibody (ZSGB-Bio, PV9001) and colouration with
3,3-diaminobenzidine. For blank controls, primary
antibodies were replaced by phosphate-buffered

saline (PBS). Pararenal carcinoma tissue was collected
as the negative control. Cell nuclei were stained with
H&E. Image-Pro Plus analysis software (V.6.0; Media
Cybernetics, Dallas, Texas, USA) was used to measure
the mean optical density (integrated option density/
area) in renal glomeruli and tubular interstitium.

Renal immunofluorescence staining

Fresh frozen sections were blocked with 3% BSA,
and then, rabbit antiphospho-S6 ribosomal protein
(Ser 235/236) antibody (Cell Signaling Technology),
combined with mouse antihuman CD31 (Santa Cruz)
or goat antihuman synaptopodin (Santa Cruz), rabbit
antthuman CD3 (Abcam) combined with mouse anti-
human CD4 and CD8 (Abcam) and interleukin (IL)-17A
conjugated with PE (BD Biosciences) were added and
incubated overnight at 4°C, followed by the secondary
antibodies Alexa Fluor 488-labelled donkey antirabbit
IgG, Alexa Fluor 647-labelled donkey antimouse IgG
(Abcam) or TRITC-labelled donkey antigoat IgG (Invit-
rogen) for 30 min at 37°C. Nuclei were stained with
4’,6-diamidino-2-phenylindole (ZSGB-Bio). For negative
controls, primary antibodies were replaced by PBS. Fluo-
rescence images were acquired with fluorescence micros-

copy (DM2500; Leica, Germany).

Statistical analysis

Statistical software SPSS V.25.0 (SPSS, Chicago, Illinois,
USA) and Prism V.9.0 software (GraphPad, San Diego,
California, USA) were used for statistical analysis. The
data are presented as the mean+SD for normally distrib-
uted data or median (IQR) for non-normally distributed
data, and categorical data are expressed as numbers and
ratios. Differences between groups of normally distrib-
uted data were assessed using t-tests, and non-normally
distributed data were assessed using non-parametric tests.
Reliability analysis was carried out to test the intraclass
correlation coefficient between two observers. P values
<0.05 were considered statistically significant.

RESULTS

Differential proteome analysis of renal samples from patients

with LN

The 13 patients with LN were divided into two groups
based on the degree of endothelial cell and podocyte
injuries: the severe group (10 patients with both glomer-
ular endocapillary hypercellularity and FPW >1240
nm) and the non-severe group (3 patients with normal
endothelial capillaries and FPW <1240 nm). In total, 4700
credible proteins were detected by label-free quantitative
proteomic analysis, with twofold change and p<0.05 as
the differential screening conditions. Finally, 284 DEPs
were selected between the severe and non-severe groups.
Data are shown in online supplemental table 3. The
volcano diagram suggested that 230 proteins were upreg-
ulated and 54 proteins were downregulated in the severe
group compared with the non-severe group (figure 2A).
The heatmaps obtained from the analysis demonstrated
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Figure 2 Quantitative proteomic and bioinformatic analyses of the renal specimens of patients with LN with severe and
non-severe groups. (A) The volcano map depicts DEPs between the two groups. Red dots: upregulated proteins; green dots:
downregulated proteins; grey dots: nonsignificant dots. (B) The heat maps demonstrated a clear difference in protein abundance
levels across the two groups. Red bars: upregulated proteins; blue bars: downregulated proteins; green bars: sample P1-P10,
non-severe group; yellow bars: sample P11-P13, severe group. (C) GO analysis items among total DEPs proteins. Green bars:
biological process; blue bars: cellular complements; red bars: molecular function. (D) GO analysis items among upregulated
DEPs proteins. Green bars: biological process; blue bars: cellular complements; red bars: molecular function. (E) The top five
GO analysis items among total DEPs proteins. (F) The top five GO analysis items among total DEPs proteins. Group 1: severe
group; group 2: non-severe group. BP, biological processes; CC, cellular components; DEP, differentially expressed protein; GO,

Gene Ontology; LN, lupus nephritis; MF, molecular functions.

a clear difference in protein abundance levels across the
two groups (figure 2B).

GO enrichment analysis

GO analysis was performed to enrich and cluster the
DEPs of the severe group and non-severe group. Detailed
information on the molecular functions, cellular compo-
nents and biological processes is shown in figure 2C-D.
GO annotation analysis revealed that the DEPs of the two
groups were primarily involved in biological processes,

including ‘cellular protein localisation’ (p<0.001),
‘platelet degranulation’ (p<0.001), ‘mucus secretion’
(p<0.001), ‘positive regulation of mTOR signalling’

(p<0.001) and ‘positive regulation of epithelial cell apop-
totic process’ (p<0.001) (figure 2E-F). More interest-
ingly, Ras-related GTPase (RRAG) A, RRAGB, RRAGC
and RRAGD identified in the most prominently enriched
pathway, ‘cellular protein localisation’ in GO enrichment
analysis, were also covered in the biological process of
‘positive regulation of mTOR signalling’ (online supple-
mental table 4). RRAGs were demonstrated to necessarily
recruit the mTOR complex to lysosomes to regulate cell
growth and proliferation in response to hormonal and
nutrient signals.'”® * Thus, the positive regulation of
mTOR signalling might be associated with endothelial
and podocyte injuries in LN.

Validation of proteomic analysis in renal biopsied specimens
of patients with LN
As mTOR signalling was found to be the most attrac-
tive pathway based on the above proteomic analysis, 85
patients with LN, 75 in the severe group and 10 in the
non-severe group were selected for further validation.
Patients in the severe group presented with higher SLEDAI
(p=0.049), proteinuria amount (p<0.001), serum creatinine
value (p=0.010), pathological Al score (p<0.001) and CI
score (p=0.043) than those in the non-severe group (table 1).
Glomerular mTORCI activation was significantly higher
in the severe group than in the non-severe group (p=0.034;
figure 3A and E), and the difference was not significant in
the tubulointerstitial area (p=0.129; figure 3B and E). There
was no difference in mTORC2 activation between the two
groups (glomeruli: p=0.643, tubulointerstitium: p=0.220,
figure 3C-E). Furthermore, we found that mTORCI staining
was well colocalised with glomerular endothelial cells and
podocytes in patients with LN (figure 3F).

Correlation analysis of glomerular mTORC1 activation with
endothelial-podocyte involvement in patients with LN

The correlations between mTORCI activation and
endothelial-podocyte involvement were further explored
in 176 patients with LN. Among them, endocapillary
hypercellularity was significantly positively correlated
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Table 1 Comparison of clinicopathological data between patients with LN in severe and non-severe group
Severe (n=75) Non-severe (h=10) P value
Gender (male/female) 62/75 10/0 0.348
Age (years) 31 (25-40) 28 (25-38) 0.623
Proteinuria amount (g/24 hours) 3.98 (2.08-5.86) 1.64 (0.36-2.44) <0.001
Serum creatinine (umol/L) 98 (70-133) 59 (564-72) 0.010
C3 (mg/mL) (mean+SD) 0.41+0.20 0.51+0.18 0.145
Number of positive ANA (%) 72 (96.0) 10 (100) 0.520
Number of positive anti-dsDNA antibodies (%) 58 (77.3) 9 (90.0) 0.357
SLEDAI (mean+SD) 1945 15+7 0.049
Renal SLEDAI (mean+SD) 11+2 8+4 0.014
Non-renal SLEDAI (mean+SD) 8+5 75 0.357
mTOR inhibitors treatment 0 0 NA
Renal histopathology
Classification 0.001
Class Il (%) 0 (0.0) 1(10.0)
Class Il (%) 9(12.0) 5 (50.0)
Class IV (%) 61 (81.3) 2 (20.0)
Class V (%) 5(6.7) 2 (20.0)
Activity index (median; IQR) 8 (6-11) 3 (2-7) <0.001
Activity index without endocapillary hypercellularity 7 (4-10) 3 (1-7) 0.001
(median; IQR)
Cellular/Fibrocellular crescents (median; IQR) 1 (0- 0 (0-1) 0.011
Neutrophils/Karyorrhexis (median; IQR) 1(1- 0 (0-0) <0.001
Fibrinoid necrosis (median; IQR) 0 (0~ 0 (0-0) 0.403
Hyaline deposits (median; IQR) 1(0- 0 (0-0) <0.001
Interstitial inflammation (median; IQR) 1(1- 1(1-1) 0.154
Chronicity index score (median; IQR) 2(1-4 1(0-2) 0.043
Glomerulosclerosis score (median; IQR) 0 (0- 0 (0-1) 0.777
Fibrous crescents (median; IQR) 0 (0- 0 (0-0.25) 0.853
Tubular atrophy (median; IQR) 1(1- 1(0.75-1) 0.144
Interstitial fibrosis (median; IQR) 1(1-1 1(1-1) 0.335

Serum creatinine in mg/dL to mol/L, x88.4.

dsDNA, double stranded DNA; LN, lupus nephritis; mTOR, mammalian target of the rapamycin; NA, not applicable; SLEDAI, SLE Disease

Activity Index.

with mTORCI activation (r=0.289, p<0.001), although
no significant correlation was found between FPW and
mTORCI1 activation. Moreover, FPW was positively
correlated with endocapillary hypercellularity (r=0.234,
p=0.002). Patients with LN with more severe endocapillary
hypercellularity presented with higher FPW (1415+312 vs
1964+1217, p=0.002) and higher glomerular activation of
mTORCI1 (p<0.001, figure 4A) than those without it. In
particular, in patients with an FPW >1240 nm, the glomer-
ular activation of mTORCI was significantly higher in
patients with endocapillary hypercellularity (p<0.001,
figure 4A). No difference was found in glomerular acti-
vation of mTORCI1 between the groups with FPW >1240
nm and FPW <1240 nm (p=0.094, figure 4B), and there

was no association between FPW and mTORCI activa-
tion (r=0.037, p=0.625). We further used the quartiles
to divide the FPW into four groups, and mTORCI acti-
vation was significantly higher in the group with FPW at
3/4 than in the group with FPW at 2/4 (p=0.042, online
supplemental figure 1).

However, mTORCI activation in glomerular and tubu-
lointerstitial areas was similar in patients with IgAN with
endothelial proliferation and those without endothelial
proliferation (p=0.236, online supplemental figure 2A
and p=0.379, online supplemental figure 2A-C), although
mTORCI1 was lightly colocalised with glomerular podo-
cytes and endothelial cells in patients with IgAN (online
supplemental figure 2D-E).
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Figure 3 The expression of mTOR complex in kidneys of patients with LN between the non-severe and severe groups. The
mean optical density of p-RPS6 (ser235/236) (A-B) and p-AKT (Ser473) (C-D) in the glomeruli and tubulointerstitium between
severe and non-severe groups (endocapillary hypercellularity), respectively. (E) Immunohistochemical staining of p-RPS6
(ser235/236) and p-AKT (Ser473) in the glomeruli and tubulointerstitium between severe and non-severe groups, respectively.
(F) Colocalisation of p-RPS6 (ser235/236) (green) and synaptopodin (green) (a marker of podocyte), CD31 (red) (a marker of
endothelial cells). DAPI, 4’,6-diamidino-2-phenylindole (blue) (@ marker of the nucleus); LN, lupus nephritis; mTOR, mammalian
target of the rapamycin. Scale bar: 50 pm.

We further investigated the renal distribution of the the high and low mTORCI activation groups (p=0.3830,
T-cell subsets in patients with LN. CD8" T cells (p=0.0046, online supplemental figure 3B and F).
online supplemental figure 3A and E), CD4 CD8" double-
negative T cells (p=0.0052, online supplemental figures
3C, G, H) and T helper (Th)17 cells (p=0.0415, online DISCUSSION/CONCLUSION

supplemental figure 3D, I) were significantly higher in The critical role of endothelial-podocyte crosstalk in the
the high mTORCI activation group. The mean optical development of glomerular lesions through the para-
density of regulatory T (Tregs) cells was similar between crine process was highlighted in some kidney diseases,
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Figure 4 The association of glomerular mMTORC1 activation with endocapillary hypercellularity and foot process infusion in
patients with LN. (A) Mean optical density of mTORC1 in glomeruli with endocapillary hypercellularity. (B) Mean optical density
of mMTORC1 in glomeruli with FPW >1240 nm. ‘+’ refers to those patients with endocapillary hypercellularity; ‘-’ refers to those
patients without endocapillary hypercellularity. FPW, foot process width; LN, lupus nephritis; mTOR, mammalian target of the

rapamycin; mTORC1, mTOR complex 1.

including LN.>"In the current study, we initially explored
the mTOR signalling pathway associated with endocap-
illary hypercellularity and foot process fusion through
renal proteomics analysis and verified the significant asso-
ciation of mTORCI from podocytes to endothelial cells
communication based on a well-defined LN cohort.

First, MS-based renal proteomics was applied to
discover the difference in signalling pathways between
the ‘severe’ endothelial cell and podocyte injury group
and the ‘non-severe’ group. GO enrichment analysis
revealed that the DEPs of the two groups were primarily
involved in some biological processes, including the
‘positive regulation of mTOR signalling’ pathway. More-
over, ‘Rasrelated GTPase’ DEPs were both covered in

‘the positive regulation of TOR signalling’ and ‘cellular
protein localisation’ of biological process sections.
Compelling evidence suggests that the Rag heterodimer
(RagA/B and RagC/D) plays a critical role in amino acid
signalling to mTORCI activation by recruiting mTORCI1
to the lysosomal membrane,” which could highlight the
status of the mTORCI1 pathway involved in endothelial
cell and podocyte injuries in LN.

Next, our immunohistochemistry work showed that the
glomerular activation of mTORCI was associated with
more severe endothelial cell and podocyte injury based
on a larger sample. More importantly, mTORCI staining
was found to be well colocalised with glomerular endo-
thelial cells and podocytes, which was consistent with
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our previous work.'” However, no significant associations
were found between endothelial proliferation and the
activation of mTORCI in patients with IgAN. Thus, the
mechanism of endothelial injury in IgAN and LN might
be different.

Last, the correlation analysis from all 176 patients with
LN suggested that the patients with more severe endocap-
illary hypercellularity scores presented with higher FPW
and higher glomerular activation of mTORCI. Thus, we
proposed that mTORCI activation might be associated
with podocyte-to-endothelial cell communication in LN.

The pathomechanism between mTORCI activation
and endothelial cell-podocyte injury remains unclear.
The VEGF-endothelin-1 system has been previously
confirmed as a vital process in endothelial-podocyte cross-
talk in LN.”®2* The activation of mTORCI in podocytes
was accompanied by increased VEGF expression in renal
tissues in active patients with LN, as well as amplified acti-
vation of the mTOR signalling pathway and proliferation
of endothelial cells by VEGF stimulation.”*’ Neverthe-
less, the glomerular expression of VEGF was significantly
decreased in patients with LN with both TMA changes and
FPW >1240 nm in our previous results.” The disruption
of podocytes by excess activation of mTORCI may result
in decreased VEGF, which further exacerbates endothe-
liosis.”™ *' Therefore, mTORCI activation might be an
upstream regulatory signal of podocyte-to-endothelial
cell communication, which promotes the development of
glomerular lesions in LN. More importantly, our previous
study found that glomerular mTORCI activation was
strongly correlated with deteriorative clinicopathological
characteristics in patients with LN.'” It was proposed that
mTOR could develop as a driver of vascular endothelial
proliferation and immune activation,"”®** and excessive
activation of mTORCI in podocytes might result in podo-
cyte loss and subsequent global glomerular sclerosis in
mouse models.”*

Moreover, our results indicated that mTOR activation
was accompanied by an expansion of T-cell populations,
especially diabetes nephropathy (DN) T cells. Previous
studies showed that mTORCI activation in SLE drove the
expansion of DN T cells, Th1 cells and Th17 cells and
inhibited T-cell lineage specification to Tregs.”* DN T
cells promote B-cell assistance, leading to the production
of pathogenic IgG and the pro-inflammatory cytokines
114, IL-17 and interferon—y,35 which might be associated
with the increased autoantibody formation involved in
glomerular lesions in LN. Therefore, we speculated that
the activation of mTOR in T cells played a critical role in
the pathogenesis of LN, which needs further exploration.

More interestingly, mTOR inhibition with sirolimus
or everolimus could reduce proteinuria and improve
kidney function in patients with SLE.**™ Inhibition
of mTOR by rapamycin involved mTOR blockade in
kidney native cells, reduced necrosis within T cells and
DN T cells and expanded Treg populations.” Rational
inhibition of mTOR after evaluating the renal activa-
tion of mTOR may especially help rescue glomerular

endothelial and podocyte injury, which is a poten-
tial therapeutic option for LN and deserves further
exploration.

Our study had some limitations. Our present study was
a retrospective study based on selected phenotypes and
a limited evaluation index of podocyte and endothelial
cell injury. The proteomics results need to be more widely
verified. T-cell activation in the renal tissues was not fully
considered in our study, and the comparison with other
immune-mediated glomerulonephritis needs to be veri-
fied in a larger sample size. The precise role of mTORCI1
in endothelial-podocyte crosstalk remains to be further
clarified.

In conclusion, glomerular mTORCI was highly acti-
vated in patients with LN with both endocapillary hyper-
cellularity and podocyte injuries, which might be involved
in podocytes to endothelial cells communication in LN.

Author affiliations

'Renal Division, Peking University First Hospital, Beijing, China

ZInstitute of Nephrology, Peking University, Beijing, China

%Key Laboratory of Renal Disease, Ministry of Health of China, Beijing, China

4Key Laboratory of CKD Prevention and Treatment, Ministry of Education of China,
Beijing, China

SResearch Units of Diagnosis and Treatment of Immune-Mediated Kidney Diseases,
Chinese Academy of Medical Sciences, Beijing, China

®Department of Nephrology, Peking University International Hospital, Beijing, China

Correction notice This article has been corrected since it was published.
Co-corresponding author and equal contribution statement has been added.

Contributors XL performed the experiments, analysed the statistics and drafted
the manuscript. MY and ZM performed the experiments. LL conducted the
proteomic assay. FY, ZQ and MC provided intellectual content of importance to this
work and revised the manuscript. YT is the guarantor and had full access to all the
data and provided final approval of the submitted manuscript.

Funding This work was supported by grants from Peking University Clinical
Scientist Training Program supported by “the Fundamental Research Funds for the
Central Universities”, the CAMS Innovation Fund for Medical Sciences (2019-12M-5-
046), Peking University International Hospital Research Grant (No. YN2020ZD03)

Competing interests None declared.

Patient and public involvement Patients and/or the public were not involved in
the design, or conduct, or reporting, or dissemination plans of this research.
Patient consent for publication Not applicable.

Ethics approval This study was approved by Ethics Committee of Peking
University First Hospital (2017 (1333)). Participants gave informed consent to
participate in the study before taking part.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available in a public, open access repository.

Supplemental material This content has been supplied by the author(s). It

has not been vetted by BMJ Publishing Group Limited (BMJ) and may not have
been peer-reviewed. Any opinions or recommendations discussed are solely
those of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability
and responsibility arising from any reliance placed on the content. Where the
content includes any translated material, BMJ does not warrant the accuracy and
reliability of the translations (including but not limited to local regulations, clinical
guidelines, terminology, drug names and drug dosages), and is not responsible
for any error and/or omissions arising from translation and adaptation or
otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution 4.0 Unported (CC BY 4.0) license, which permits
others to copy, redistribute, remix, transform and build upon this work for any
purpose, provided the original work is properly cited, a link to the licence is given,
and indication of whether changes were made. See: https://creativecommons.org/
licenses/by/4.0/.

8 Liu X, et al. Lupus Science & Medicine 2023;10:e000896. doi:10.1136/lupus-2023-000896

ybuAdoo Agq paroalold 1sanb Aq 2oz ‘0T |Udy uo jwod g sndny/:dny woi papeojumod "€z0z ABN G U0 968000-£202-SNdNn|/9ETT 0T Sk paysiignd 1shi :paA 19S sndn


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://lupus.bmj.com/

Lupus nephritis

ORCID iDs

Xiaotian Liu http://orcid.org/0000-0002-0142-0782
Zhaomin Mao http://orcid.org/0000-0002-9029-7252
Mo Yuan http://orcid.org/0000-0001-5372-0106
Feng Yu http://orcid.org/0000-0003-3060-6233

REFERENCES

1 Anders H-J, Saxena R, Zhao M-H, et al. Lupus nephritis. Nat Rev Dis
Primers 2020;6:7.

2 Yu F, Haas M, Glassock R, et al. Redefining lupus nephritis: clinical
implications of pathophysiologic subtypes. Nat Rev Nephrol
2017;13:483-95.

3 Bajema IM, Wilhelmus S, Alpers CE, et al. Revision of the
International Society of nephrology/renal pathology Society
classification for lupus nephritis: clarification of definitions, and
modified National Institutes of health activity and chronicity indices.
Kidney Int 2018;93:789-96.

4 Wu L-H, Yu F, Tan Y, et al. Inclusion of renal vascular lesions in the
2003 ISN/RPS system for classifying lupus nephritis improves renal
outcome predictions [J]. Kidney International 2013;83:715-283.

5 Song D, Wu L, Wang F, et al. The spectrum of renal thrombotic
microangiopathy in lupus nephritis. Arthritis Res Ther 2013;15:R12.

6 Wang Y, Yu F, Song D, et al. Podocyte involvement in lupus nephritis
based on the 2003 ISN/RPS system: a large cohort study from a
single centre. Rheumatology (Oxford) 2014;53:1235-44.

7 Yuan M, Tan Y, Wang Y, et al. The associations of endothelial and
podocyte injury in proliferative lupus nephritis: from observational
analysis to in vitro study. Lupus 2019;28:347-58.

8 Ebefors K, Wiener RJ, Yu L, et al. Endothelin receptor-A mediates
degradation of the glomerular endothelial surface layer via pathologic
crosstalk between activated podocytes and glomerular endothelial
cells. Kidney Int 2019;96:957-70.

9 van de Lest NA, Bakker AE, Dijkstra KL, et al. Endothelial endothelin
receptor A expression is associated with podocyte injury and
oxidative stress in patients with focal segmental glomerulosclerosis.
Kidney Int Rep 2021;6:1939-48.

10 Daehn |, Casalena G, Zhang T, et al. Endothelial mitochondrial
oxidative stress determines podocyte depletion in segmental
glomerulosclerosis. J Clin Invest 2014;124:1608-21.

11 van Aanhold CCL, Bos M, Mirabito Colafella KM, et al. n.d.
Thrombomodulin is upregulated in the kidneys of women with pre-
eclampsia. Sci Rep;11.

12 Jewell JL, Russell RC, Guan K-L. Amino acid signalling upstream of
mTOR. Nat Rev Mol Cell Biol 2013;14:133-9.

13 Weichhart T, Hengstschlager M, Linke M. Regulation of innate
immune cell function by mTOR. Nat Rev Immunol 2015;15:599-614.

14 Lieberthal W, Levine JS. The role of the mammalian target of
rapamycin (MTOR) in renal disease. Journal of the American Society
of Nephrology 2009;20:2493-502.

15 Fantus D, Rogers NM, Grahammer F, et al. Roles of mMTOR
complexes in the kidney: implications for renal disease and
transplantation. Nat Rev Nephrol 2016;12:587-609.

16 Guertin DA, Sabatini DM. Defining the role of mTOR in cancer.
Cancer Cell 2007;12:9-22.

17 Mao Z, Tan Y, Tao J, et al. Renal mTORC1 activation is associated
with disease activity and prognosis in lupus nephritis. Rheumnatology
(Oxford) 2022;61:3830-40.

18 Trimarchi H, Barratt J, Cattran DC, et al. Oxford classification of IgA
nephropathy 2016: an update from the IgA nephropathy classification
Working group. Kidney International 2017;91:1014-21.

19 Liang MH, Socher SA, Larson MG, et al. Reliability and validity of six
systems for the clinical assessment of disease activity in systemic
lupus erythematosus. Arthritis Care Res 1989;32:1107-18. 10.1002/
anr.1780320909 Available: http://doi.wiley.com/10.1002/anr.v32:9

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

Bombardier C, Gladman DD, Urowitz MB, et al. Derivation of the
SLEDAI. A disease activity index for lupus patients. The Committee
on prognosis studies in SLE. Arthritis Rheum 1992;35:630-40.

Chen Y-Y, Ding Y, Li L-L, et al. Proteomic profiling of kidney samples
in patients with pure membranous and proliferative lupus nephritis.
Lupus 2022;31:837-47.

Canaud G, Bienaimé F, Tabarin F, et al. Inhibition of the mTORC
pathway in the antiphospholipid syndrome. N Engl J Med
2014;371:303-12.

Anandapadamanaban M, Masson GR, Perisic O, et al. Architecture of
human RAG GTPase heterodimers and their complex with mTORC1.
Science 2019;366:203-10.

Avihingsanon Y, Benjachat T, Tassanarong A, et al. Decreased

renal expression of vascular endothelial growth factor in lupus
nephritis is associated with worse prognosis. Kidney International
2009;75:1340-8.

Yoshibayashi M, Kume S, Yasuda-Yamahara M, et al. Protective role
of podocyte autophagy against glomerular endothelial dysfunction
in diabetes. Biochemical and Biophysical Research Communications
2020;525:319-25.

Miaomiao W, Chunhua L, Xiaochen Z, et al. Autophagy is involved in
regulating VEGF during high-glucose-induced podocyte injury. Mol
Biosyst 2016;12:2202-12.

Avihingsanon Y, Phumesin P, Benjachat T, et al. Measurement

of urinary chemokine and growth factor messenger RNAs: a
noninvasive monitoring in lupus nephritis. Kidney Int 2006;69:747-53.
Navarro C, Candia-Zufiga L, Silveira LH, et al. Vascular endothelial
growth factor plasma levels in patients with systemic lupus
erythematosus and primary antiphospholipid syndrome. Lupus
2002;11:21-4.

Husain A, Khadka A, Ehrlicher A, et al. Substrate stiffening promotes
VEGF-A functions via the PIBK/Akt/mTOR pathway. Biochem
Biophys Res Commun 2022;586:27-33.

Eremina V, Cui S, Gerber H, et al. Vascular endothelial growth factor
a signaling in the podocyte-endothelial compartment is required

for mesangial cell migration and survival. Journal of the American
Society of Nephrology 2006;17:724-35.

Eremina V, Jefferson JA, Kowalewska J, et al. Vedf inhibition and
renal thrombotic microangiopathy. N Engl J Med 2008;358:1129-36.
Inoki K, Mori H, Wang J, et al. Mtorc1 activation in podocytes is a
critical step in the development of diabetic nephropathy in mice. J
Clin Invest 2011;121:2181-96.

Godel M, Hartleben B, Herbach N, et al. Role of mTOR in podocyte
function and diabetic nephropathy in humans and mice. J Clin Invest
2011;121:2197-209.

Caza T, Wijewardena C, Al-rabadi L, et al. Cell type-specific
mechanistic target of rapamycin-dependent distortion of autophagy
pathways in lupus nephritis. Translational Research 2022;245:55-81.
Sieling PA, Porcelli SA, Duong BT, et al. Human double-negative T
cells in systemic lupus erythematosus provide help for IgG and are
restricted by CD1c. The Journal of Immunology 2000;165:5338-44.
Lai Z-W, Kelly R, Winans T, et al. Sirolimus in patients with clinically
active systemic lupus erythematosus resistant to, or intolerant of,
conventional medications: a single-arm, open-label, phase 1/2 trial.
Lancet 2018;391:1186-96.

Piranavan P, Perl A. Improvement of renal and non-renal SLE
outcome measures on sirolimus therapy-a 21-year follow-up study of
73 patients. Clin Immunol 2021;229:108781.

Yap DY, Ma MK, Tang CS, et al. Proliferation signal inhibitors in the
treatment of lupus nephritis: preliminary experience. Nephrology
(Carlton) 2012;17:676-80. 10.1111/j.1440-1797.2012.01646.x
Available: http://doi.wiley.com/10.1111/nep.2012.17.issue-8
Battaglia M, Stabilini A, Migliavacca B, et al. Rapamycin promotes
expansion of functional CD4+CD25+FoxP3+ regulatory T cells

of both healthy subjects and type 1 diabetic patients. J Immunol
2006;177:8338-47.

Liu X, et al. Lupus Science & Medicine 2023;10:6000896. doi:10.1136/lupus-2023-000896

ybuAdoo Agq paroalold 1sanb Aq 2oz ‘0T |Udy uo jwod g sndny/:dny woi papeojumod "€z0z ABN G U0 968000-£202-SNdNn|/9ETT 0T Sk paysiignd 1shi :paA 19S sndn


http://orcid.org/0000-0002-0142-0782
http://orcid.org/0000-0002-9029-7252
http://orcid.org/0000-0001-5372-0106
http://orcid.org/0000-0003-3060-6233
http://dx.doi.org/10.1038/s41572-019-0141-9
http://dx.doi.org/10.1038/s41572-019-0141-9
http://dx.doi.org/10.1038/nrneph.2017.85
http://dx.doi.org/10.1016/j.kint.2017.11.023
http://dx.doi.org/10.1038/ki.2012.409
http://dx.doi.org/10.1186/ar4142
http://dx.doi.org/10.1093/rheumatology/ket491
http://dx.doi.org/10.1177/0961203319828509
http://dx.doi.org/10.1016/j.kint.2019.05.007
http://dx.doi.org/10.1016/j.ekir.2021.04.013
http://dx.doi.org/10.1172/JCI71195
http://dx.doi.org/10.1038/s41598-021-85040-9
http://dx.doi.org/10.1038/nrm3522
http://dx.doi.org/10.1038/nri3901
http://dx.doi.org/10.1681/ASN.2008111186
http://dx.doi.org/10.1681/ASN.2008111186
http://dx.doi.org/10.1038/nrneph.2016.108
http://dx.doi.org/10.1016/j.ccr.2007.05.008
http://dx.doi.org/10.1093/rheumatology/keac037
http://dx.doi.org/10.1093/rheumatology/keac037
http://dx.doi.org/10.1016/j.kint.2017.02.003
http://dx.doi.org/10.1002/anr.1780320909
http://doi.wiley.com/10.1002/anr.v32:9
http://dx.doi.org/10.1002/art.1780350606
http://dx.doi.org/10.1177/09612033221094711
http://dx.doi.org/10.1056/NEJMoa1312890
http://dx.doi.org/10.1126/science.aax3939
http://dx.doi.org/10.1038/ki.2009.75
http://dx.doi.org/10.1016/j.bbrc.2020.02.088
http://dx.doi.org/10.1039/c6mb00195e
http://dx.doi.org/10.1039/c6mb00195e
http://dx.doi.org/10.1038/sj.ki.5000132
http://dx.doi.org/10.1191/0961203302lu131oa
http://dx.doi.org/10.1016/j.bbrc.2021.11.030
http://dx.doi.org/10.1016/j.bbrc.2021.11.030
http://dx.doi.org/10.1681/ASN.2005080810
http://dx.doi.org/10.1681/ASN.2005080810
http://dx.doi.org/10.1056/NEJMoa0707330
http://dx.doi.org/10.1172/JCI44771
http://dx.doi.org/10.1172/JCI44771
http://dx.doi.org/10.1172/JCI44774
http://dx.doi.org/10.1016/j.trsl.2022.03.004
http://dx.doi.org/10.4049/jimmunol.165.9.5338
http://dx.doi.org/10.1016/S0140-6736(18)30485-9
http://dx.doi.org/10.1016/j.clim.2021.108781
http://dx.doi.org/10.1111/j.1440-1797.2012.01646.x
http://dx.doi.org/10.1111/j.1440-1797.2012.01646.x
http://doi.wiley.com/10.1111/nep.2012.17.issue-8
http://dx.doi.org/10.4049/jimmunol.177.12.8338
http://lupus.bmj.com/

	Glomerular mTORC1 activation was associated with podocytes to endothelial cells communication in lupus nephritis
	Abstract
	Introduction﻿﻿
	Materials and methods
	Patients
	Clinical evaluation
	Renal histopathology
	Morphometric analysis of FPW
	Mass spectrometry and proteomics
	Renal immunohistochemistry assay
	Renal immunofluorescence staining
	Statistical analysis

	Results
	Differential proteome analysis of renal samples from patients with LN
	GO enrichment analysis
	Validation of proteomic analysis in renal biopsied specimens of patients with LN
	Correlation analysis of glomerular mTORC1 activation with endothelial-podocyte involvement in patients with LN

	Discussion/Conclusion
	References


