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Abstract

Heat shock proteins play an important role in immune inflammation and the formation and restoration of proteins. In recent years,
the importance of heat shock protein 90 (Hsp90) in the activation of immune inflammation through nuclear factor kB (NFkB) has
been discussed. To assess the activation of the Hsp90-NFkB system by measuring serum and urinary levels in patients with
chronic glomerulonephritis (CGN). This study included 32 patients with active forms of CGN and 14 patients with Fabry
nephropathy. The control group included 10 healthy individuals. Twenty-one out of 32 CGN patients had nephrotic syndrome
(NS). Eleven out of 32 CGN patients had proteinuria levels from 1 to 3 g/day without nephrotic syndrome. A total of 17 patients
had renal dysfunction (estimated glomerular filtration rate < 60 ml/min/1.73m?). Fourteen patients with Fabry nephropathy had
proteinuria without nephrotic syndrome. Serum and urine HSP-90 and NFkB p65 levels were determined using an enzyme-
linked immunosorbent assay. The levels of HSP-90 and NFkB in the serum of patients with CGN were significantly higher than
in healthy individuals and patients with Fabry nephropathy. In patients with Fabry nephropathy, the HSP-90 and NFkB levels in
the urine and serum did not significantly differ from those in the control subjects. Serum Hsp90 levels were significantly higher in
the CGN patients with NS than in patients without NS, as well as in patients with normal renal function compared with patients
with an eGFR < 60 ml/min/1.73 m* and patients with tubulo-interstitial fibrosis. Higher levels of HSP-90 and NFkB in serum
were observed in patients with nephrotic forms of CGN, including focal segmental glomerulosclerosis, minimal change disease
and membranous nephropathy. There were no correlations between the clinical signs of CGN and urinary HSP90/NFkB levels.
Activation of the HSP-90-NFkB system, which is directly involved in the development of immune inflammation in CGN, was
found in patients with an active course of CGN, especially in those with nephrotic syndrome.
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Heat shock proteins are a group of intracellular proteins that
protect cells from damage by restoring and utilizing damaged
protein molecules, which increases cell viability under stress
(Morimoto et al. 1997; Lindquist and Craig 1998; Pockley
2003). The study of heat shock protein 90 (Hsp90) is currently
a promising area of scientific research because Hsp90 plays a
role in a number of key functions, including cell maintenance
and tissue processes. Hsp90 is a chaperone that is involved in
the regulation of cell division, proliferation and apoptosis.
Hsp90 also activates numerous factors involved in

P4 Natalia Chebotareva
natasha_tcheb@mail.ru

Tareev Clinic of Internal Diseases, Sechenov First Moscow State
Medical University, Rossolimo 11/5, Moscow, Russia 119435

inflammation, fibrosis and hypoxia (Beere 2004; Chen et al.
2005; Lanneau et al. 2008). One of the most important func-
tions of Hsp90 is the regulation of inflammation (Binder
2014). Hsp90 complex formation is necessary for the activa-
tion of the nuclear transcription factor kB (NFkB), which is
responsible for the production of proinflammatory cytokines.
The binding of Hsp90 causes the inhibitory subunit of NFkB
to become phosphorylated and cleaved, and the active sub-
units (p50 and p65) of NFkB are released (O’Neill et al. 2012).
In experimental acute kidney injury, Hsp90 inhibitors
prevented NFkB activation, limiting the subsequent inflam-
matory response and damage (Morita et al. 1995; Ohtani
et al. 1995).

Given the data of experimental studies, we hypothesised
that a change in the activity of Hsp90 may have pathological
significance in immune-mediated renal diseases, including
CGN.
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The aim of our study was to evaluate the activation of
Hsp90 and nuclear factor kB in patients with CGN compared
with healthy individuals and patients with Fabry disease, a
noninflammatory nephropathy.

Materials and methods
Study subjects

Adult patients with CGN (n = 32) and Fabry nephropathy (n =
14) were included in the study. The exclusion criteria were
active urinary infection, heart failure, diabetes mellitus, diabe-
tes insipidus, severe arterial hypertension, obesity, liver dis-
ease, diffuse connective tissue diseases and stage 5 chronic
kidney disease. Venous blood samples were taken at the time
of recruitment to assay serum creatinine, total protein and
albumin levels. Morning urine samples were assayed for pro-
tein and red blood cells. Daily urine was collected for daily
proteinuria assessment. Estimated glomerular filtration rate
(eGFR) was calculated using the CKD-EPI formula. For con-
trols, we studied 10 healthy subjects.

The study was approved by the Ethics Committee of the
Sechenov University. All subjects provided informed written
consent before participation in the study that conformed with
the Declaration of Helsinki.

Determination of HSP90 and p65 NFkB in serum
and urine

Ten-millilitre samples of morning urine were collected in dry
plastic test tubes and were centrifuged at room temperature for
15 min with a rotational frequency of 3000 rpm. The urine
supernatant was immediately frozen and stored in a freezer at
—20 °C. We used commercial enzyme-linked immunosorbent
assay (ELISA) kits to determine the levels of Hsp90 (ADI-
EKS-715, Enzo Life Science, USA) and p65 NFkB-RELA
(BMS 21512/BMS215/2TEN, eBioscience, Austria).

Statistical analysis

The data were summarized using descriptive statistics.
Normality was tested by the Shapiro—Wilk test. The results
are presented as the numbers and percentage for categorical
variables and as the median and interquartile range (IQR) for
continuous variables with a non-normal distribution.
Differences in proportions and in continuous data were tested
using the Pearson chi-square test and Mann—Whitney U-test,
respectively. Correlations between the laboratory variables
were evaluated by the Spearmen correlation coefficient. A
two-sided P value < 0.05 was considered to indicate statistical
significance. Statistical analysis was performed using StatSoft
STATISTICA version 10.0 (StatSoft Inc., Tulsa, OK, USA).
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Results

Characteristics of the study participants are shown in Table 1.
Patients with CGN were distributed into two groups depend-
ing on the presence of nephrotic syndrome. In all patients,
diagnosis of CGN was confirmed histologically. The diagno-
sis of Fabry disease was confirmed by genetic analysis and/or
by determining the activity of the enzymes «-galactosidase A
or globotriaosylsphingosine (lyso-GL3) in dry blood spots.

Hsp90 in serum

Serum Hsp90 levels in patients with CGN were higher than
those in in healthy individuals and patients with Fabry ne-
phropathy (Fig. 1).

Hsp90 levels were significantly higher in patients with ne-
phrotic syndrome 49.25 [33.31-77.25] ng/ml than in patients
without nephrotic syndrome 22.32 [16.51-30.83] ng/ml,
p<0.05. We found a negative correlation between Hsp90
and levels of albumin (Rs =—0.5, p =0.001) and total serum
protein (Rs=—0.5, p=0.002).

Serum Hsp90 levels tended to decrease in patients with an
eGFR less than 60 ml/min and severe tubulo-interstitial fibro-
sis on kidney biopsies (Fig. 2).

Significantly higher Hsp90 levels were noted in focal seg-
mental glomerulosclerosis, minimal change disease and mem-
branous nephropathy, and this occurred mainly in patients
with nephrotic syndrome (Fig. 3).

Hsp90 in urine

No significant correlations between urine levels of Hsp90 and
proteinuria, the morphological form of nephritis or ¢GFR was
found (Table 2). There was no direct correlation between
Hsp90 levels in serum and Hsp90 levels urine.

NFkB in serum

Similar to Hsp90, the NFkB levels in serum were higher in
patients with CGN than in healthy individuals and in patients
with Fabry disease (Fig. 1). NFkB levels were directly corre-
lated with the level of daily proteinuria (Rs = 0.44, p = 0.006)
and were negatively correlated with the level of serum albu-
min (Rs=-0.46, p=0.004) in patients with CGN. The
highest levels of NFkB were also detected in patients with
nephrotic syndrome 0.145 [0-0.21] ng/ml compared with
healthy individuals (below reference values). A direct corre-
lation was found between serum Hsp90 and NFkB levels (Rs
=0.32, p<0.05).

NFkB levels remained high in patients with an eGFR less
than 60 ml/min and severe tubulo-interstitial fibrosis (Fig. 2).
A negative correlation between serum NFkB levels and eGFR
was observed (Rs =—0.357, p=0.049).
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Table 1 Characteristic of the study subjects
CGN with NS (n=21) CGN without NS (n=11) Fabry nephropathy (n = 14) Controls (n=10)

Age, years 38 [28-56] 33 [24-47] 32 [28-50] 29 [24-51]
Gender (males), n (%) 14 (67) 7 (63) 5 (35.7%) 5 (50%)
Kidney histology

FSGS/MCD 8 (38.1) 2 (18.1) - -

MN 5(23.8) 2 (18.1) - -

MPGN 4 (19.0) 2 (18.1) - -

IgA nephropathy 4 (19.0) 5(45.5) - -

Arterial hypertension, n (%) 12 (57) 5(45) — -
Proteinuria, g/24 h 6[3.51-9] 1.7 [1-3] 0.9 [0.43-1.76] -

Serum albumin, g/L 25121.3-28.8]
1.31[0.92-1.75]
62.2 [41.2-97.1]

10 (48)

Creatinine, pmol/L
eGFR, ml/min/1.73 m?
eGFR < 60 ml/min/1.73 m?, n (%)

40.9 [38-43.5]
1.05[0.85-1.71]
73 [46-104]

7(52)

40.2 [36.9-42.5] -
0.98 [0.79-1.28] -
80.95 [51.2-108.13] -
4 (28.6%) -

CGN, chronic glomerulonephritis; NS, nephrotic syndrome; MCD, minimal change disease; FSGS, focal segmental glomerular sclerosis; MN, mem-

branous nephropathy; MPGN, membranoproliferative glomerulonephritis; eGFR, estimated glomerular filtration rate

Significantly higher NFkB levels were also noted in focal
segmental glomerulosclerosis, minimal change disease and
membranous nephropathy 0.139 [0.105-0.175] ng/ml than
in other forms of glomerulonephritis (IgA nephropathy and
membranoproliferative glomerulonephritis) 0.059 [0.0—
0.122] ng/ml, p < 0.05.

NFkB in urine

No significant correlations between urine levels of NFkB and
proteinuria, the morphological form of nephritis or eGFR was
found. Negative correlations between urine levels of NFkB
and serum albumin/total serum protein (representing of sever-
ity of NS) were found (Table 2). There was no direct correla-
tion between NFkB levels in serum and NFkB levels in urine.

Discussion

Heat shock protein 90 is a highly conserved molecular chap-
erone. Hsp90 fulfils its housekeeping role by contributing to
cytosolic protein folding and maintaining their structural in-
tegrity and proper regulation. Hsp90 is also involved in cell
cycle control and signal transduction. The conformational
flexibility of Hsp90 and its variety of co-chaperone complexes
contribute to its functional diversity and allow Hsp90 to assist
a wide range of substrates (Picard 2002). Hsp90 assists in the
maturation of a set of substrate proteins that are referred to as
clients. The client proteins include tyrosine kinases (e.g. Akt
and MEK), hormone receptors, structural proteins (tubulin,
actin), hypoxia-inducible factor 1 (HIF-1«x) (Kataria et al.
2019), HSF1 and Hsp70 (Prodromou 2016; Genest et al.
2019). It has been shown that serum Hsp90 levels were raised

in patients with systemic lupus erythematosus (SLE) (Saito
et al. 2015), patients with type 1 diabetes (Ocana et al.
2019), patients with malignant tumours (Tas et al. 2017) and
in patients with acute rejection after kidney transplantation
(Maehana et al. 2016). In our study, the levels of Hsp90 in
serum and urine were higher in patients with severe chronic
glomerulonephritis. Serum Hsp90 levels were significantly
higher in patients with nephrotic syndrome than in healthy
individuals and patients with a less active course of nephritis.
There was no direct correlation between Hsp90 levels in se-
rum and urine. Urine levels of Hsp90 did not reflect the activ-
ity of the disease.

The mechanism for the preferential elevation of serum
Hsp90 is still unknown. Saito et al. (2015) found that Hsp90
was released into the serum and its levels correlated with the
severity of SLE in patients. Patients with autoimmune vascu-
litis also have higher serum Hsp90x levels than healthy con-
trols (Saito et al. 2015). Machana et al. (2016) showed that
Hsp90« was released into the serum after cellular damage
secondary to acute kidney transplant rejection, and can poten-
tially be used as a biomarker to help detect acute rejection in
kidney recipients.

Hsp90 is mainly expressed in the distal tubules and the
cortical and medullary collecting ducts in renal tissue, which
corresponds to the distribution of mineralocorticoid and glu-
cocorticoid receptors, demonstrating the importance of Hsp90
in steroid signal transduction (Farman et al. 1991). Hsp90
expression is also observed in podocytes, parietal Bowman
capsule epithelium, and in endothelial and interstitial cells
(Matsubara et al. 1990), which indicates that Hsp90 has a wide
range of functions in various kidney cells. Changes in Hsp90
expression are better studied in acute toxic renal injury in
which Hsp90 expression increases in tubular cells during the
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Fig. 1 Serum Hsp90 (a) and a 0
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late stage of regeneration (Beere 2004; Binder 2014). We sug-
gest that local renal production of Hsp90 in CGN may be a
source of elevated Hsp90 blood serum levels; however, the
absence of a direct correlation between the amount of Hsp90
in the urine and blood serum does not support this hypothesis.

We found the highest serum Hsp90 values in patients with
a primary podocytopathy and NS, such as MCD and FSGS.
Approximately 40 years ago, Shalhoub et al. and later Savin
et al. suggested the possible participation of T cells in the
production of permeability factors in MCD and FSGS and that
these factors can damage podocytes, thereby contributing to
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disease glomerulonephritis

the onset of nephrotic syndrome (Shalhoub 1974; Savin et al.
1996). However, the precise nature of these factors has not
been determined.

It was shown that surface Hsp90 expression was elevated
in peripheral blood monocytes and may be associated with the
pathogenesis of SLE (Dhillon et al. 1993). Therefore, the in-
creased activity of Hsp90 in the blood may reflect its direct or
indirect (e.g., via NFkB) activation of immune cells.

Another piece of evidence in support of the role of Hsp90
in immune inflammation is that there was no significant in-
crease in serum Hsp90 in the control group compared with
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Fig.2 a, b Serum Hsp90 levels in
patients with chronic
glomerulonephritis. ¢, d Serum
NFkB levels in patients with
chronic glomerulonephritis.
Hsp90, heat shock protein 90;
NFkB, nuclear factor kB; GFR,
glomerular filtration rate; TIF,
tubulo-interstitial fibrosis

Fig. 3 Serum Hsp90 levels in
patients with chronic
glomerulonephritis
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Table 2 Correlation of Hsp90 and NFkB p65 urinary levels with glomerulonephritis with nephrotic syndrome (FSGS/MCD
laboratory parameters in patients with CGN and MN). But the serum level of Hsp90 decreased in patients
Hsp90 NFkB p65 with a lower glomerular filtration rate with tubulo-interstitial

fibrosis. These changes in the later stages of the disease can be

24-h proteinuria, g/day —0.039 (p =0.86) 0.014 (p =0.955) associated with either the consumption or destruction of

Total serum protein, g/dl —0.180 (p =0.412)
—0.128 (p =0.559)
—0.281 (p =0.194)

0.145 (p =0.384)

~0.551 (p = 0.018)

—0.478 (p = 0.045)

~0.291 (p =0.213)
0.495 (p = 0.06)

Serum albumin, g/dl
Serum creatinine, mkmol/l
eGFR, ml/min/1.73 m?

patients with Fabry disease (a noninflammatory nephropathy
associated with deposition of glycosphingolipids in the kidney
cells) (Alroy et al. 2002). The symptoms of kidney damage
include albuminuria, proteinuria and the development of ter-
minal chronic renal failure before the age of 40 (Ortiz et al.
2008). As opposed to patients with CGN, the levels of Hsp90
in the serum did not significantly change in patients with
Fabry disease.

It has been shown that Hsp90 inhibitors can block the ac-
tivity of proinflammatory mediators and can inhibit the acti-
vation of immune cells (Yun et al. 2011). Several pathways are
thought to be involved in the protective effect that occurs
when Hsp90 is inhibited. Since HSF1 is a client protein of
Hsp90, the release of HSF1 from the total complex increases
the expression of other Hsps with predominantly protective
functions, including Hsp70. In particular, blocking Hsp90
leads to both the degradation of client proteins and the in-
creased expression of Hsp70 (Zhang and Burrows 2004).

By contrast, blocking Hsp90 disrupts the IKK complex,
thereby deactivating NFkB (Madrigal-Matute et al. 2010).
The inhibition of the Hsp90/client interaction by antiHsp90
drugs leads to the destabilization, polyubiquitination and deg-
radation of the client protein. Several key kinases and impor-
tant intermediates of the NF-kB signalling pathway, such as
RIP kinase, TAK-1 kinase and IkB kinases are Hsp90 clients
(Thangjam et al. 2016). Hsp90 inhibition in most cell types
leads to the disruption of NF-kB signalling and prevents the
nuclear translocation of NF-kB proteins.

The findings of this study have to be seen in light of some
limitations. The first is that the sample of patients was rela-
tively small, and we did not study HSP90 and NFkB expres-
sion in renal tissue.

The second limitation is the lack of previous research stud-
ies on the topic. There is a need for further development in the
area of study. Determining the role and the mechanisms of
HSP-90 in immune inflammation in glomerulonephritidies
requires further researches.

In conclusion, we found that serum levels of Hsp90 and
NFkB in patients with CGN were higher than those in healthy
individuals and in Fabry nephropathyThe closest relationship
between Hsp90 and NFkB was obtained in chronic
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Hsp90 during the process of immune inflammation.

Thus, Hsp90 appears to be involved in the progres-
sion of immune inflammation through its effect on the
proinflammatory factor NFkB in patients with severe
CGN especially in nephrotic syndrome. This data may
justify the study of Hsp90 as a possible target for
treating CGN in the future.
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