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ABSTRACT

Objective Proteomic approach was applied to identify
candidate biomarkers of chronicity in patients with proliferative
lupus nephritis (LN), and their clinicopathological significance
and prognostic values were investigated.

Methods This study recruited 10 patients with proliferative LN
and 6 normal controls (NCs) with proteomic data to compare
protein expression profiles, 58 patients with proliferative LN
and 10 NCs to verify proteomic data by immunohistochemistry,
and 14 patients with proliferative LN with urine samples to
evaluate the urinary expression of the biomarker by western
blot assay. The composite endpoints included end-stage

renal disease and >50% reduction from baseline estimated
glomerular filtration rate (€GFR).

Results Proteomics detected 48 proteins upregulated in

the group with chronicity index (Cl) >1 compared with the

Cl=0 and NC groups. Further pathway analysis was enriched
in ‘other glycan degradation’. Neuraminidase 1 (NEU1), the
most predominant protein in the pathway of other glycan
degradation, was highly expressed in the kidney of patients
with proliferative LN and could co-localise with podocyte,
mesangial cells, endothelial cells and tubule cells. NEU1
expression in the tubulointerstitium area was significantly
higher in the Cl =1 group compared with the Cl=0 and NC
groups. Moreover, NEU1 expression was significantly correlated
with serum creatinine value, eGFR and CI scores, respectively.
Urinary NEU1 excretion in the Cl >1 group was higher than

in the CI=0 group and was also positively correlated with Cl
scores. Furthermore, the high expression of renal NEU1 was
identified as an independent risk factor for renal prognosis by
multivariate Cox regression analysis (HR, 6.462 (95% CI 1.025
10 40.732), p=0.047).

Conclusions Renal NEU1 expression was associated with
pathological Cl scores and renal outcomes in patients with
proliferative LN.

INTRODUCTION

SLE is a chronic multisystem autoimmune
disorder, and renal involvement is the major
cause of overall morbidity and mortality.' * To
specifically reflect lupus nephritis (LN) real-
time disease activity or chronicity, several
conventional biomarkers have been studied,
including proteinuria amount, serum creati-
nine value, urine sediments, titres of anti-
double-stranded DNA antibodies, serum
C3 levels, etc.? However, their sensitivities
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Key messages

What is already known about this subject?

» More recent studies suggested that neuraminidase
1 (NEUT1) contributes to the pathogenesis of lupus
nephritis, especially in the mesangial cells.

What does this study add?

» The study demonstrated that renal NEU1 was asso-
ciated with chronicity and renal outcomes of prolif-
erative lupus nephritis.

How might this impact on clinical practice or future

developments?

» This study provides supportive data to confirm
the pathogenic role of NEU1 in proliferative lupus
nephritis.

» New insights into the molecular mechanisms of lu-
pus nephritis chronicity may shed promising thera-
peutic strategies.

and specificities were limited. Invasive renal
biopsy is still the gold standard in the clas-
sification of LN, evaluation of activity and
chronicity of renal injury, guiding treatment
and predicting prognosis.

In renal histological indexes of LN, chronicity
index (CI) by the National Institutes of Health
(NIH) system definition contributed signifi-
cantly to prediction of renal prognosis.”"* CI
included total glomerular sclerosis, fibrous cres-
cents, tubular atrophy and interstitial fibrosis.*
Austin et al’ discovered the predictive value of CI
in 102 patients with LN, and Wallace ¢t al’ found
that low biopsy CI was associated with a favour-
able outcome in steroid/immunosuppressive-
resistant patients with LN. Tubular atrophy and
interstitial fibrosis were also identified to be
significant independent risk factors for renal
outcomes in our previous study."” More impor-
tantly, CI was demonstrated to be an indepen-
dent risk factor for predicting complete renal
remission in patients with proliferative LN rather
than in patients with membranous LN."!

Recently, mass spectrometry (MS)-based
proteomics, which enables a hypothesisfree
approach, has become increasingly powerful
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in novel biomarker discovery of disease pathology, disease
activity, specific treatment response, etc, compared with tradi-
tional enzymatic or antibody-based methods.'* The earliest
application of proteomics in the study of kidney diseases was
focused on urine due to its accessibility."* '* For example,
ol-antitrypsin was the most prominenturine biomarkerfound
in patients with chronic kidney disease (CKD) through urine
proteomics.'® A series of research identified that several urine
proteins correctly classified IgA nephropathy with excellent
sensitivity and specificity through urine proteomics.'” More-
over, a few promising urinary biomarkers have been identified
in patients with LN using targeted and unbiased proteomics
that could predict disease activity, damage and response to
therapy," such as neutrophil gelatinase-associated lipocalin,
monocyte chemoattractant protein-1, vascular cellular adhe-
sion molecule-1, tumour necrosis factor-like weak inducer of
apoptosis, interferon-yinducible protein-10, etc. However,
there is still lack of good molecules associated with chro-
nicity. Unlike urine proteomics with a highly variable biofluid
containing a lot of potential variables (eg, osmolarity, pH,
concentration, albumin), it was proposed that renal biopsied
proteomics might provide more direct insights into disease-
relevant mechanisms."*

Herein, we intended to conduct MS-based approaches
to investigate alterations in protein expression profiles in
the renal specimens of patients with LN associated with CI.
The aim was to discover candidate renal biomarkers which
could reflect chronic injury in patients with LN and provide
initial validation of the clinicopathological significance of its
biomarkers.

METHODS

Patients and sample collection

Complete clinical and pathological data from 10 patients
with renal biopsy-proven proliferative LN for proteomic anal-
ysis, 58 patients with renal biopsy-proven proliferative LN for
immunohistochemical analysis (online supplemental figure
1) and 14 patients with renal biopsy-proven proliferative LN
for urinary analysis who were diagnosed between 2012 and
2018 were collected. All patients fulfilled the 1997 Amer-
ican College of Rheumatology revised criteria for SLE."
Renal tissues from normal parts of nephrectomised kidneys
of patients with solitary renal cell carcinoma were collected
as the normal controls (NCs) (6 NCs for proteomic analysis
and 10 NCs for immunohistochemistry (IHC) analysis). They
were identified normal via regular light microscopy, immu-
nofluorescence and electron microscopy. All renal biopsies
were read by two nephropathologists separately, blinded to
patients’ clinical data and the scores of the other observer.
These two nephropathologists would review the biopsies if
there exist differences in scoring and thus reaching an agree-
ment for subsequent clinicopathological analysis. The urine
samples studied were obtained on the same day of the biopsy.
Informed consent was obtained from each patient. For eval-
uation of renal outcomes, the composite endpoints included
end-stage renal disease and 250% reduction from baseline
estimated glomerular filtration rate (eGFR).

Proteomics

Renal biopsied specimens from 10 patients with prolifera-
tive LN (3 with class IIl and 7 with class IV) and 6 NCs were
collected for quantitative proteomic analysis. Formalin-fixed
and paraffin-embedded renal biopsies were then prepared by
filter-aided sample preparation® and digested by LysC and
trypsin. The digests were purified and desalted using C18
column. Next LCMS/MS (liquid chromatography tandem
mass spectrometry) analysis was conducted as previously
described.”’ Raw data were searched against the UniProt
homo species database. Labelfree quantification anal-
ysis was performed using the Integrated Proteomics Pipe-
line (IP2; http://integratedproteomics.com/). Raw data
were background-corrected and sample distributions were
adjusted using normalisation. A fold change =1.5 with p<0.05
was used to identify the differential proteins between the two
groups and analyse the enriched pathway.?**’

Renal histopathology

Renal histopathology of patients with LN was evaluated
according to the International Society of Nephrology/
Renal Pathology Society (ISN/RPS) classification system.'?
All patients enrolled in our study fulfilled the inclusion
criteria of at least 10 glomeruli in the renal biopsy, which is
recommended as the appropriate number of glomeruli for
evaluation.” Pathological parameters, including activity and
chronicity indices, were determined by renal pathologists.'”
Chronicity indices (CI) comprised total glomerulosclerosis
score, fibrous crescents, tubular atrophy and interstitial
fibrosis. The 58 patients with proliferative LN were divided
into the CI 21 group and the CI=0 group according to their
CI scores.

IHC of renal sections

Formaldehyde-fixed renal slides of patients with prolifer-
ative LN and NCs were first dewaxed in xylene ethanol
at room temperature and rehydrated through graded
ethanol. Antigen retrieval was then performed by heating
the slides in citrate buffer (0.01 M, pH 6.0) for 3 min.
After being cooled to room temperature and washed with
phosphate buffered saline (PBS) three times, the slides
were immersed in 3% hydrogen peroxide for 10 min at
room temperature to quench endogenous peroxidase
activity, and then blocked with 3% bovine serum albumin
in PBS at room temperature for 1 hour and then incu-
bated with the primary antibody, including anti-NEU1
(Abcam). The primary antibodies were revealed with the
secondary antibodies (ZSGB-Bio, PV9001). Peroxidase
activity was revealed by 3-3’-diamino-benzidine-tetrahy
drochloride. The cell nucleaus was stained with haema-
toxylin, and finally the slides were dehydrated in ethanol
and xylene and sealed with neutral gum. The results of
staining of neuraminidase 1 (NEUI) were evaluated by
Image Pro Plus (V.6.0; USA) as the mean optical density
(integrated option density/area). Patients were divided
into two groups according to the mean optical density
of NEUI, which was top 50% versus bottom 50%, for
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example, high expression group versus low expression
group.

Immunofluorescence

The renal sections were incubated with anti-NEU1 (Abcam),
anti-NEU1  (Santa Cruz Biotechnology), anti-NPSH2
(Abcam), anti-CD31 (Santa Cruz Biotechnology) and anti-
Integrin-08 (Santa Cruz Biotechnology). The sections
were then incubated with the second antibodies, including
Goat Anti-Rabbit IgG H&L 594 (Abcam), Goat Anti-Mouse
IgG H&L FITC (Abcam) or Lotus Tetragonolobus Lectin
(Vector Laboratories). The cell nuclear was stained with
4’ 6-diamidino-2-phenylindole (DAPI) (ASGB-BIO). Fluores-
cence images were collected using fluorescence microscope
(901; Nikon, Japan).

Western blot

The NEUI protein levels in the urine samples from 14
patients with LN were measured by western blot. Each
sample was normalised to the concentration of creatinine
and 50 mg creatinine was loaded per lane.”” These urine
samples were separated by 12% Sodium Dodecyl Sulfate
Polyacrylamide Gel Electrophoresis (SDS-PAGE) and
transferred to Polyvinylidene Fluoride (PVDF) membrane
(Millipore, USA). After blocking with 5% (w/v) fatfree
milk in Tris-Buffered Saline with Tween 20 (TBST) for
1 hour at room temperature, the PVDF membrane was
incubated with the primary antibody rabbit anti-NEU1
(H-300; Santa Cruz Biotechnology) at 4°C overnight.
The membrane was incubated with Goat Anti-Rabbit
IgG (H+L) Horseradish Peroxidase Conjugate (1:5000;
Proteintech) at room temperature for 1 hour after
washing three times with TBST. The final signals of the
fragments were developed by Chemiluminescent Horse-
radish Peroxidase Substrate Reagent (Millipore).

Statistical analysis

SPSS V.20.0 and Prism V.8 software (GraphPad, San
Diego, California, USA) were used for statistical analysis.
Experimental statistics were expressed as median with
range (minimum-maximum) or mean+SD. When the
variables were normally distributed, t-test was used; other-
wise Kruskal-Wallis test was introduced. Analysis of vari-
ance (ANOVA) with a post-hoc test was performed among
the different groups. Correlations between parametric
variables were carried out using Pearson’s test, and corre-
lations among non-parametric variables were carried out
using Spearman’s test. Patients were stratified into two
groups according to expression level of NEU1 (high level
group: 29 patients; low level group: 29 patients). The
prognosis of patients was analysed using Kaplan-Meier
curves. Cox regression model was used for multivariate
analysis of patient survival, and the results were expressed
as HR with 95% CI. P<0.05 was considered significant.

RESULTS

Demographics

The general data of 10 patients with proliferative LN for
proteomic analysis are listed in online supplemental table

1. The general data of 58 patients with proliferative LN
for immunohistochemical analysis are listed in online
supplemental table 2. The general data of 14 patients
with proliferative LN for urinary analysis are listed in
online supplemental table 3.

Differential proteome analysis of renal specimens between
the high and low CI score groups and the NC group

To identify candidate biomarkers of chronicity in patients
with proliferative LN, MS was applied to analyse the
differential proteome between the CI =1 group (the
group of patients with renal chronicity) and the CI=0 or
the NC group (the group of patients/controls without
renal chronicity) at the renal level (5 patients with LN
with CI 21, 5 patients with LN with CI=0 and 6 NCs).
Volcano maps were used to visually describe the differen-
tially expressed proteins between the CI 21 and the CI=0
group (figure 1A) or the NC group (figure 1B). Of the
4364 quantifiable proteins, 48 proteins were upregulated
and 24 proteins were downregulated in the CI 21 group
compared with the CI=0 or NC group (figure 1C and
online supplemental table 4).

We next subjected the 48 upregulated proteins to Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis and the results revealed that the
‘other glycan degradation’ was the most significantly
enriched pathway (figure 1D). The functional protein
association network also demonstrated enrichment of
the ‘other glycan degradation’ pathway (figure 1E).
The generated heatmap of the ‘other glycan degra-
dation pathway’ is shown in figure 1F. The KEGG map
demonstrated multiple upregulated proteins in the CI 21
samples compared with the CI=0 samples, and NEUI
was the most predominant protein (fold change=7.90)
(figure 1G). The KEGG pathway analysis of the downreg-
ulated proteins demonstrated that metabolic pathways
were disrupted (figure 1H). Figure 11 revealed the protein
association network of these downregulated proteins.

Interestingly, the proteomic analysis between the CI=0
and the NC group did not reveal enrichment of the ‘other
glycan degradation’ pathway (online supplemental figure
2A-C), which further supported our above finding that
the ‘other glycan degradation’ pathway might be specifi-
cally associated with renal chronicity in patients with LN.
The multiple comparisons between CI 21, CI=0 and NC
groups for each pairwise using ANOVA with a post-hoc
test are displayed in online supplemental figure 3, which
also indicated no statistical significance in the six proteins
(NEU1, AGA, MAN2B1, HEXA, HEXB, FUCAL) enriched
in the ‘other glycan degradation’ pathway between the
CI=0 and the NC group.

Cl included glomerulosclerosis score, fibrous crescents,
tubular atrophy and interstitial fibrosis based on the 2018
ISN/RPS system. More data were analysed according to
each component of the CI. The differentially expressed
proteins and enriched pathways in patients with different
scores of glomerulosclerosis, tubular atrophy and inter-
stitial fibrosis are shown in online supplemental figures
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Figure 1 Quantitative proteomic and bioinformatic analyses of the renal specimens of patients with proliferative LN and normal
controls (Cl >1 group vs CI=0/NC group). (A) The volcano map depicts differentially expressed proteins between the Cl >1 and
the CI=0 group. Red dots: upregulated proteins (fold change (Cl >1/CI=0) >1.5, p<0.05); green dots: downregulated proteins
(fold change (CI=0/CI>1) >1.5, p<0.05); purple dots: the top 8 upregulated proteins in the volcano map; blue dots: the top 8
downregulated proteins in the volcano map. Seven proteins specific to the Cl >1 group were assigned a log2 (fold change) of
infinity (MAPRE3, VPS13A, FBXL8, NT5C3A, GALC, LIMS2 and UBFD1). One protein specific to the CI=0 group was assigned

a log2 (fold change) of infinity (SLC39A5). (B) The volcano map depicts differentially expressed proteins between the Cl >1

and the NC group. Red dots: upregulated proteins (fold change (Cl >1/NC) >1.5, p<0.05); green dots: downregulated proteins
(fold change (NC/CI >1) >1.5, p<0.05); purple dots: the top 8 upregulated proteins in the volcano map; blue dots: the top 8
downregulated proteins in the volcano map. Two proteins specific to the NC group were assigned a log2 (fold change) of infinity
(MCUR1 and SLC39A5). (C) Venn diagram of the proteins in the Cl >1, CI=0 and NC groups. (D) KEGG pathway enrichment
analysis was performed among the upregulated proteins. (E) The network of enriched proteins (upregulated). String: https://
string-dborg. (F) Intensity of proteins that were enriched in other glycan degradation. (G) Proteins enriched in other glycan
degradation pathway (KEGG; https://www.genome.jp/kegg/pathway.html). The fold change displayed was Cl >1 vs CI=0. (H)
KEGG pathway enrichment analysis was performed among the downregulated proteins. (I)The network of enriched proteins
(downregulated). String: https://string-dborg. Cl, chronicity index; KEGG, Kyoto Encyclopedia of Genes and Genomes; LN,

lupus nephritis; NC, normal control.

4-6, respectively. These results also suggested enrichment
of the ‘other glycan degradation’ pathway. As there were
no fibrous crescents in our enrolled samples, this was not
included in our final analysis. Especially, the group assign-
ment according to existence of interstitial fibrosis was the
same as the total CI scores. The differentially expressed
proteins are listed in online supplemental tables 5-7.

NEU1 expression in the kidneys of patients with proliferative
LN

As NEUI was the most predominant protein in the ‘other
glycan degradation pathway’, which was mentioned
above, we further assessed the expression of NEUI in the

glomeruli or tubulointerstitium area with a larger sample
size (58 patients with proliferative LN) by IHC (42 CI =21
samples and 16 CI=0 samples). We tested the normality
of NEUI intensity and found it was not normally distrib-
uted (glomeruli: p<0.001; tubulointerstitium: p<0.001;
note: p<0.05 indicated that the data were not normally
distributed).*® Thus, we applied the Kruskal-Wallis (KW)
test with False Discovery Rate (FDR) correction for
comparison. As displayed in figure 2A,B, NEU1 inten-
sity in the glomeruli area was significantly higher in the
CI 21 group than in the NC group (p<0.001), and no
significance was found in the glomeruli area between

4 Mao Z, et al. Lupus Science & Medicine 2021;8:€000569. doi:10.1136/lupus-2021-000569


https://dx.doi.org/10.1136/lupus-2021-000569
https://dx.doi.org/10.1136/lupus-2021-000569
https://string-dborg
https://string-dborg
https://www.genome.jp/kegg/pathway.html
https://string-dborg

Lupus nephritis

A B P <0.001
P=0234
>1 - 0.008+ —_—
—— 5
PR 250006 .
- 2=
. 5 2 -
. 7 3 §0.004+ .
5 ¥y 8> .
g ;2 £0.002
S 85
o g 2 0.000-]
=

T T T
S clz1 Cl=0 NC
C P <0.001

P=0.029
—

Tubulointerstitium

Mean optical density of
Neu1 in tubulointerstitium

Integrin-a

Figure 2 Expression pattern of NEU1 in the kidneys of 58 patients with proliferative LN. (A) Immunohistochemical staining of
NEU1 in the glomeruli (above) and tubulointerstitium (below) areas of patients with proliferative LN and NC samples. (B) Mean
optical density of NEU1 in the glomeruli area of 42 patients with proliferative LN with Cl >1, 16 patients with proliferative LN
with Cl=0 and 10 NC samples. (C) Mean optical density of NEU1 in the tubulointerstitium area of 42 patients with proliferative
LN with ClI >1, 16 patients with proliferative LN with CI=0 and 10 NC samples. (D) Co-localisation of NEU1 (red) and integrin-o.
(green) (marker of mesangial cell), CD31 (green) (marker of endothelial cells), NPSH2 (green) (marker of podocyte) or LTL
(green) (marker of proximal tubule cells). Scale bar: 50 pm. Cl, chronicity index; DAPI, 4’,6-diamidino-2-phenylindole; LN,
lupus nephritis; LTL, Lotus Tetragonolobus Lecti; NC, normal control; NEU1, neuraminidase 1; NPHS2, NPHS2 stomatin family
member, podocin.

the CI 21 group and the CI=0 group (p=0.234). NEU1 Co-localisation of NEU1 with renal cells in patients with
intensity in the tubulointerstitium area was significantly  proliferative LN

higher in the CI 21 group than those in the CI=0 group A double immunofluorescence assay was conducted to detect
(p=0.029) and the NC group (p<0.001), respectively the colocalisation of NEUI and renal cells. As displayed in
(figure 2A,C). figure 2D, NEU1 could be well co-localised with podocytes,
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Table 1 Correlations of renal NEU1 expression and clinical features in patients with proliferative lupus nephritis

Glomeruli expression r P value Tubulointerstitium expression r P value
Serum creatinine (umol/L) 0.416 0.001 Serum creatinine (umol/L) 0.428 <0.001
eGFR (mL/min/1.73 m? -0.307 0.019 eGFR (mL/min/1.73 m?) -0.375 0.004
C3 (g/L) 0.192 0.149 C3 (g/L) 0.256 0.053
Proteinuria (g/24 hours) -0.011 0.938 Proteinuria (g/24 hours) -0.038 0.779
Albumin (g/L) -0.019 0.888 Albumin (g/L) 0.228 0.085
SLEDAI -0.126 0.348 SLEDAI -0.242 0.067
Al 0.222 0.093 Al 0.075 0.575
Cl 0.278 0.035 Cl 0.407 0.002

Al, activity index; Cl, chronicity index; eGFR, estimated glomerular filtration rate; NEU1, neuraminidase 1; SLEDAI, Systemic Lupus
Erythematosus Disease Activity Index.

mesangial cells, endothelial cells and proximal tubular cells, Association of renal NEU1 expression with prognosis in 58
respectively, in patients with proliferative LN. patients with LN
The 58 patients with LN were stratified into two groups
according to the intensity of NEU1 (dichotomy: high expres-
sion group and low expression group). The Kaplan-Meier
Stronger intensity of NEUI in the glomeruli area was associ- curve showed that high NEU1 expression in the glomeruli,
ated with higher serum creatinine values (r=0.416, p=0.001)  ;hylointerstitium or both could predict worse prognosis by
and lower eGFR (r=-0.307, p=0.019) (table I). Similar logrank test (p=0.039, p=0.041 and p=0.005, respectively)
associations were found between tubulointerstitium NEU1 (figure 3A,B). The univariate Cox regression analysis demon-
expression and the above two items (serum creatinine values: strated that high NEU1 expression in the glomeruli or tubu-
r=0.428, p<0.001; eGFR: r=-0.375, p=0.004). lointerstitium was not a risk factor for prognosis (table 2).
For renal pathological evaluations, NEUL expression  fgyever, high NEUI expression both in the glomeruli and
was significantly correlated with CI scores (glomeruli:  hylointerstitium was found to be a significant risk factor
r=0.278, p=0.035; tubulointerstitium: r=0.407, p=0.002) (R 6,691 (95% CI 1.419 to 31.560), p=0.016). Furthermore,
(table 1). There was a significantly positive association high NEUT expression (both in the glomeruli and tubuloin-
between NEUI expression in the tubulointerstitium and terstitium) and renal pathological CI scores were both inde-
ratio of glomerulosclerosis (r=0.356, p=0.006) or intersti- pendent risk factors after adjusting for age and gender (HR,
tial fibrosis (r=0.474, p=0.037). 6.462 (95% CI 1.025 to 40.732), p=0.047; HR, 1.582 (95%

We further measured the excretion of NEU1 in the urine CI 1.131 to 2.213), p=0.007, respectively) by multivariate Cox
of 14 patients with proliferative LN to detect the associa- regression analysis (table 2).

tion between NEU1 and CI scores. The urinary levels of

NEUI in the CI =1 group were significantly higher than

that in the CI=0 group (p=0.048) (online supplemental  DISCUSSION

figure 7A,B). Moreover, the relative expression of urinary ~ Several studies demonstrated that renal pathological CI

Clinicopathological significance of NEU1 expression in the
kidneys of patients with proliferative LN

NEUI was positively correlated with CI scores (r=0.590,  was an individual prognostic indicator of worse renal
p=0.029) (online supplemental figure 7C). outcomes in patients with LN.>™"’ Biomarkers which could
A Glomeruli B Tubulo-interstitium C Glomeruli combined Tubulo-interstitium

—— Low expression
----- High expression

100
—— Low expression % —— Low expression

----- High expression -+ High expression

50 50

Composite end point (%)

Composite end point (%)

Composite end point (%)
g

Log rank P=0.039 Log rank P =0.041

Log rank P = 0.005

Fokow wpoatodinonte) Fokow wppatadmont) Fokow ippatodeon)

Figure 3 Kaplan-Meier analysis of renal composite endpoints between high and low renal NEU1 expression group. (A) Kaplan-
Meier analysis of renal composite endpoints between the high and low NEU1 expression group in glomeruli (dichotomy based
on the mean optical intensity of NEU1 in glomeruli; 29 patients in the high expression group (top 50%) and 29 patients in

the low expression group (bottom 50%)). (B) Kaplan-Meier analysis of renal composite endpoints between the high and low
NEU1 expression group in tubulointerstitium (dichotomy based on the mean optical intensity of NEU1 in tubulointerstitium; 29
patients in the high expression group (top 50%) and 29 patients in the low expression group (bottom 50%)). (C) Kaplan-Meier
analysis of renal composite endpoints between the high (both in glomeruli and tubulointerstitium) and low (low in glomeruli or
tubulointerstitium) NEU1 expression group. NEU1, neuraminidase 1.
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Table 2 Cox regression analysis of renal composite outcomes for patients with proliferative lupus nephritis

Univariate Cox regression

Multivariate Cox regression*

HR (95% CI) P value HR (95% CI) P value
Cl 1.625 (1.209 to 2.185) 0.001 1.582 (1.131 to 2.213) 0.007
NEU1 (glomeruli) (dichotomy) 4.426 (0.939 to 20.861) 0.060
NEU1 (tubulointerstitium) (dichotomy) 4.391 (0.932 to 20.689) 0.061
NEU1 (glomeruli combined with 6.691 (1.419 to 31.560) 0.016 6.462 (1.025 to 40.732) 0.047

tubulointerstitium) (dichotomy)

P values lower than 0.05 are shown in bold.
*Adjusted for age and gender.
Cl, chronicity index; NEU1, neuraminidase 1.

better reflect chronic injury are needed. In this current
work, we initially explored a candidate renal biomarker
associated with renal pathological CI scores using renal
specimens’ proteomic technology in patients with prolif-
erative LN and comprehensively analysed its clinico-
pathological significance based on a well-defined cohort.

First, proteomic technology was applied to analyse
the differential proteome between the CI =1 group and
the CI=0 group or the NC group at the renal level. The
KEGG pathway enrichment analysis demonstrated that
the ‘other glycan degradation’ pathway was significantly
enriched in the CI 21 group and NEUI was one of the
most predominant proteins (fold change=7.90). More-
over, further analysis of each component of the CI also
indicated the importance of the ‘other glycan degrada-
tion’ pathway in the renal chronicity of patients with LN.
Based on the generous recommendation for screening
process of proteomics, researchers usually tend to choose
the pathways/proteins with higher fold change for the
subsequent analysis.” ™ In our study, although HEXA/
HEXB was universally overexpressed in the CI =1 group,
their expressions in the CI=0 group were also high and
their fold change (CI 21/CI=0) was 1.78 and 1.60, respec-
tively, which was lower than that of NEU1 (7.90). More-
over, the potent pathogenic roles of the candidate proteins
should also be taken into consideration. After literature
review, we found that NEUI was highly expressed in the
mesangial cells of lupus-prone mice, could mediate inter-
leukin-6 (IL-6) production and was reported to be associ-
ated with fibrosis.”” " Taken together, it was suggested
that NEU1 might participate in the chronicity of LN.
Next, we verified the proteomic results through IHC tech-
nology in other 58 patients with proliferative LN and we
found that renal NEU1 expression, especially in the tubu-
lointerstitium area, was significantly higher in the CI =1
group compared with the CI=0 group or the NC group.
The intensity of renal NEUI expression was positively
correlated with serum creatinine values, eGFR and some
renal pathological chronicity indices. Urinary NEUI1
excretion was also positively correlated with renal patho-
logical CI scores. More importantly, high renal NEU1
expression both in the glomeruli and tubulointerstitium
was identified as an independent risk factor for worse
renal outcomes. These all suggested that NEUI might be

a candidate renal biomarker of chronicity of proliferative
LN. Interestingly, KEGG analysis of the downregulated
proteins demonstrated an enrichment of the metabolic
pathway. As the metabolic reprogramming was reported
to play an important role in the pathogenesis of LN, *’
further explorations are needed.

The chronicity of LN was assessed by NIH chro-
nicity indices, which comprised glomerular sclerosis,
fibrous crescents, tubular atrophy and interstitial
fibrosis.'**! Research on the pathomechanism of chronic
lesions mainly focused on interstitial fibrosis, and trans-
forming growth factor-f (TGF-B) was the most important
factor which drove fibrosis in most CKD, including LN.#2%
TGF-B1 could activate both canonical (Smad-based) and
non-canonical (non-Smad-based) signalling pathways
to induce extracellular matrix (ECM, the hallmark of
fibrosis) production and lead to renal fibrosis. Inhibition
of the TGF-B1 or its downstream pathways could signifi-
cantly limit renal fibrosis, whereas overexpression of
TGF-B1 could induce renal fibrosis* and vice versa.

Neuraminidases (sialidases) (Neu) are key enzymes
that participate in other glycan degradation and glyco-
sphingolipid metabolism that could remove sialic acids
from gangliosides and proteins, and their activity could
lead to immune cell infiltration, inflammation and tissue
damage.29 874446 (yp them, NEUI is the major Neu that
is expressed in the kidney and was reported to be asso-
ciated with childhood-onset nephrotic syndrome, IgA
nephropathy and LN.? %7 * 4% According to previous
studies, NEU1 was associated with chronicity of diseases
(fibrosis). NEU1 takes centre stage in the physiological
formation of elastic fibres, which were the fundamental
components of the ECM (the hallmark of fibrosis).** !
In idiopathic pulmonary fibrosis, the elevated expression
of NEUI could provoke lymphocytic infiltration and
collagen deposition, leading to pulmonary fibrosis,”
and the inhibition of NEUI significantly reduced the
accumulation of pulmonary lymphocytes and deposi-
tion of collagen, which indicated that NEUl-selective
inhibition provided a potential treatment for pulmonary
fibrotic diseases.” Meanwhile, NEU1 was considered to
be able to regulate TGF-B activation, which played an
important role in renal fibrosis.”* * Thus, we proposed
that NEU1 might participate in the chronicity of LN.
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Tamara K Nowling’s group® previously found that the
mRNA levels of NEU1 were elevated in the kidney of
nephritic mice compared with that in non-nephritic mice
(MRL/ lpr mouse model), and urinary NEU1 excretion
was much higher in patients with LN in comparison with
patients with lupus without nephritis. They also found
that NEUI was highly expressed in the mesangial cells of
lupus-prone mice (MRL/Ipr and NZM2410).” Further
investigation demonstrated that NEUl mediated IL-6
production (IL-6 played an important role in the onset
of nephritis®®) in lupus-prone mesangial cells through
Toll-Like Receptor 4 (TLR4)-p38/Extracellular signal-
Regulated Kinases (ERK) Mitogen-Activated Protein
Kinase (MAPK) signalling pathway.37 % In 2020, the same
group applied Neu inhibitor oseltamivir phosphate to
treat MRL/Ipr mice at the onset of proteinuria.”® Unex-
pectedly, oseltamivir phosphate failed to significantly
impact the renal or immune disease measures in those
mice. They proposed that the unsuccessful therapeutic
effect of oseltamivir phosphate might be due to the
insufficient inhibitor effectiveness to Neu because they
did not observe any significant difference in renal Neu
activity at the endpoint of the study. Therefore, more
specific mammalian Neu inhibitors are needed to verify
its therapeutic value in LN. In 2021, this same group
constructed female B6. SLE1/2/3 lupus-prone mice with
genetically reduced NEU1 levels (NEU1+/-). The results
demonstrated that NEUI was responsible for mediating
cytokine release by primary mesangial cells; however,
NEUI heterozygote knockout did not delay the onset or
progression of the disease. They proposed that the devel-
opment of only mild renal disease in the B6. SLE1/2/3
mice was an important limitation of the in vivo study,
which may be due to environmental/microenvironment
differences.*® The impact of the potential role of NEU1
with respect to established nephritis in lupus-prone mice
needs further investigation. The above studies suggested
that NEUI might play a pathogenic role in the kidney
of LN by mediating the dysfunctional glycosphingolipid
metabolism and inflammation, which might be associated
with disease progression and chronicity.

Our present study has some limitations. First, the
sample size was not large enough. Second, the level of
glucosylceramide and lactosylceramide, the breakdown
product of gangliosides by NEUs, in the kidney and urine
of patients with LN needs to be examined.

In conclusion, renal NEUI expression was associated
with pathological CI and worse renal prognosis in patients
with proliferative LN, which requires further exploration.
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