'.) Check for updates

Received: 15 April 2024 Revised: 18 May 2024 Accepted: 4 June 2024

DOI: 10.1111/apha.14190

ACTA PHYSIOLOGICA
RESEARCH PAPER

Immunosuppression with cyclosporine versus tacrolimus
shows distinctive nephrotoxicity profiles within renal
compartments
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Electron microscopy, confocal, and 3D-structured illumination microscopy were
used for histopathology. Clinical translatability was tested in human renal biop-
sies. Standard biochemical, RNA-seq, and proteomic technologies were applied
to identify implicated molecular pathways.

Results: Both drugs caused significant albeit differential damage in vasculature
and nephron. The glomerular filtration barrier was more affected by Tac than by
CsA, showing prominent deteriorations in endothelium and podocytes along with
impaired VEGF/VEGFR2 signaling and podocyte-specific gene expression. By con-
trast, proximal tubule epithelia were more severely affected by CsA than by Tac,
revealing lysosomal dysfunction, enhanced apoptosis, impaired proteostasis and
oxidative stress. Lesion characteristics were confirmed in human renal biopsies.
Conclusion: We conclude that pathogenetic alterations in the renal compart-
ments are specific for either treatment. Considering translation to the clinical
setting, CNI choice should reflect individual risk factors for renal vasculature and

tubular epithelia. As a step in this direction, we share protein signatures identi-
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1 | INTRODUCTION

Calcineurin inhibitors (CNIs) such as cyclosporine A (CsA)
and tacrolimus (Tac, FK506) have become the basis for im-
munosuppressive treatment in organ transplant recipients
and patients with autoimmune diseases over the past four
decades. Today, over 90% of kidney transplant recipients in
Western countries are maintained on CNI-containing im-
munosuppressive regimens. Apart from a satisfactory out-
come at short term, chronic use of CNI causes nephrotoxicity
in a significant proportion of renal and nonrenal transplant
recipients, affecting renal function.'™ CNI elimination or
substitution with other immunosuppressant regimens have
been explored, but CNI alternatives are widely considered in-
ferior."** CNI nephrotoxicity with decreasing allograft func-
tion may root from chronic hypoperfusion related to hyaline
arteriolopathy with glomerular scarring or direct tubular
toxicity. Their interplay leads to interstitial fibrosis/tubular
atrophy (IF/TA). Immunological damage and comorbidities
unrelated to CNI add to potential CNI injury. Thus, whether
certain pathological landmarks occur specifically for CsA or
Tac remains to be determined.>®® Calcineurin is a calcium/
calmodulin-dependent serine-threonine phosphatase nota-
ble for its key role in T cell function. Upon activation, it de-
phosphorylates and thereby activates transcription factors of
the NFAT (nuclear factor of activated T-cells) family. NFAT
induce expression of key genes for T-lymphocyte differenti-
ation.>'° Calcineurin and NFAT isoforms are, however, not

fied from multiomics with potential pathognomonic relevance.

calcineurin inhibitor nephropathy, multiomics, pore endothelium, proximal tubule, unfolded

T-cell specific and may encompass interactions with other
substrates beyond immunology. CNI nephrotoxicity can
thus involve vasoconstriction, hypertension, tissue hypoxia,
oxidative stress, anemia, hyperkalemia, metabolic acidosis,
dysregulation of major endo- and paracrine systems, and
metabolic stress.""™"> Although widely assumed that CsA
and Tac produce identical lesions,’ this view is not unop-
posed. CsA may cause greater nephrotoxicity than Tac.>'*"’
Both CNI inhibit calcineurin activity by forming complexes
with distinct members of the immunophilin family, i.e. cy-
clophilins for CsA and FKBP12 for Tac.” This may explain
the specific toxicity profiles of various CNIs. Distinctively,
CsA affects proteostasis, since the chaperone activity of
cyclophilins interacts with protein maturation.® Studies
comparing CsA versus Tac in cell culture consequently
show stronger association of CsA with ER stress and the
unfolded protein response (UPR), whereas Tac did not.'” %
CsA nephrotoxicity may further involve altered JAK/STAT
signaling and salt-sensitive mitochondrial dysfunction.” In
search of candidates for nephroprotection from CsA, tran-
scription factor EB (TFEB)-mediated autophagy flux and
lysosomal dysfunction are discussed, owing to CsA-induced
mTOR overactivity.? The current preference to provide Tac
rather than CsA® (except for new onset of diabetes cases'
and specific combination therapies) requires substantiation.
We test whether CsA and Tac exposure, before reaching ir-
reversible nephrotoxic damage, affect renal compartments
differently. We verify this in a translational approach by
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retrospective analysis of human renal biopsies with CNI
nephrotoxicity. We present distinctive pathogenic pathways
and related mechanisms in Tac versus CsA serving to de-
velop nephroprotective measures in patient immunosup-
pressive protocols.

2 | METHODS

2.1 | Animals

Animal experiments were approved by the German
Animal Welfare Regulation Authorities for the protec-
tion of animals used for scientific purposes (Berlin Senate;
G0148/18). Adult male Wistar rats (10-12weeks old,
290+ 21g body weight [b.w.]) were divided into 4 groups
(each n=6) receiving cyclosporine A (CsA, Sandimmun,
Novartis) and the respective vehicle (Veh, saline), or tac-
rolimus (Tac, FK506, Selleckchem) and the respective ve-
hicle (25% DMSO/75% PEG500, Sigma) via subcutaneously
implanted osmotic minipumps (Alzet, 2ML4) for 28 days.
Two separate sets of groups were treated, one for morpho-
logical, one for biochemical analysis. Various dosage levels
(10-50mg/kg b.w./d CsA, up to 6 mg/kg b.w./d Tac) were
tested to determine optimal application by histology; re-
sulting dosages were 30mg CsA/kg b.w./d (target plasma
trough level 3pg/mL) and 2mg FK506/kg b.w./d (target
plasma trough level 3.5ng/mL). During housing, animals
were kept in a 12-h day/night cycle, with ad libitum access
to drinking water and standard rodent chow (Altromin
1324). For pump filling, 100mg CsA and 7mg Tac/mL of
vehicle were used, respectively. For minipump implanta-
tion, rats were anesthetized by isoflurane inhalation. An
incision of the neck skin was performed and the subcu-
taneous tissue dilated to create a pocket for the pump.
The filled pump was then inserted into the pocket and the
wound closed with metal clips. On the second last day of
each experiment, rats were placed in metabolic cages for
24h with water and chow ad libitum to collect urine. At
the end of the experiments, rats were anesthetized with
ketamin/xylavet (90/10 mg/kg BW; CP-Pharma) to obtain
blood samples. Urine and blood samples were analyzed by
a commercial laboratory (IMD Labor). For biochemical
evaluation, one kidney was clamped and removed for bio-
chemical analysis before perfusion fixation, or both kid-
neys were removed without fixation.

2.2 | Retrospective pathological
analysis of human renal biopsies

The clinical and research activities being reported are
consistent with the Principles of the Declaration of
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Istanbul as outlined in the “Declaration of Istanbul on
Organ Trafficking and Transplant Tourism.” All studies
on human kidney tissue were approved by national and
local research ethics committees. Adult recipients of an
organ transplantation in the transplant centers of Charite
Universitdtsmedizin Berlin and Universititsklinikum
Carl Gustav Carus Dresden were included. The study
was classified as part of an ongoing pathological inves-
tigation (Department of Nephropathology, University of
Erlangen-Niirnberg) with no requirement of informed
consent based on the local treatment contract providing
retrospective anonymized analysis of samples. The study
was undertaken in accordance with the Declaration of
Helsinki. Cases were identified from the Charité neph-
rology database. Between January 2018 and December
2023 11 for-cause or protocol kidney biopsies were per-
formed in these patients, analyzed according to BANFF
2019 and enrolled in the retrospective study. As inclu-
sion criteria, established CNI nephrotoxicity was de-
fined by a biopsy showing severe hyalinosis (ah2-3) in
the absence of any other causes more likely to contribute
to the diagnosis of severe hyalinosis such as poor trans-
plant quality.”® Young donors (<40 years of age, n=7) or
living donors presumed to have an ah score of 0 at the
time of transplantation were included. A total of 11 bi-
opsies from 9 renal allograft recipients and 2 nonrenal
transplant recipients was analyzed; in total, 4 were from
patients receiving CsA and 7 receiving Tac. In 6 cases,
successful conversion (increase of >5mL/min eGFR after
conversion) from CNI-based to belatacept-based immu-
nosuppression was an additional selection criterion to
confirm CNI nephrotoxicity.* Diabetes mellitus, hyper-
glycemia and rejection were exclusion criteria. Biopsy
specimens had been processed with standard techniques
in the Department of Nephropathology, University of
Erlangen-Niirnberg. Histological and immunohistologi-
cal staining, and electron microscopy had been analyzed
by an experienced nephropathologist (K.A.). All Banff
lesions were graded on a scale of 0-3, with higher scores
indicating more severe abnormalities. Sections were
reevaluated by light and electron microscopy for the pre-
sent study. A votum of Charité ethics commission has
been consented (Charité No. EA4/002/24).

2.3 | Blood and urine analysis

Blood from rats was taken from the inferior vena cava
using heparinized syringes, decanted into Eppendorf
tubes, left for 30 min at room temperature (RT), and centri-
fuged at 2000xg for 10 min at 4°C to obtain serum with the
supernatant. Creatinine was measured and its clearance
calculated using the formula, CrCl (mL/min)=(urine
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creatinine [mg/dL]x urine flow [mL/min]/serum creati-
nine [mg/dL]). Fractional excretion of sodium (FeNa) was
calculated using the formula, FeNa (%)= (urinary sodium
[mg/dL]xserum creatinine [mg/dL])/(serum sodium
[mg/dL] X urinary creatinine [mg/dL]).

2.4 | Perfusion fixation and
tissue processing

Rat kidneys were perfused via the abdominal aorta, first
with 3% hydroxyethyl starch in 0.1 M Na-cacodylate (Caco)
for 20-30s, then with 3% paraformaldehyde/3% hydroxy-
ethyl starch in Caco for 5min. For paraffin embedding,
tissue was post-fixed in the same fixation solution over-
night at 4°C, then transferred to Caco supplemented with
300mOsm sucrose and 0.02% NaN3 until embedding.
For cryostat sectioning, tissue was transferred directly
after perfusion to 800 mOsm sucrose in Caco at 4°C over-
night, snap-frozen in 2-methyl butane cooled with liquid
nitrogen, and stored at —80°C. For histology and immu-
nohistochemistry (IHC), tissues were dehydrated and
paraffin-embedded. For electron microscopy, tissues were
post-fixed overnight at RT in 1.5% glutaraldehyde/1.5%
paraformaldehyde containing 0.05% picric acid in Caco,
then in 1% osmium tetroxide/0.8% potassium hexacyano-
ferrate in Caco for 1.5h at RT for transmission electron
microscopy (TEM) or in 1% aquaeous osmium tetroxide
for scanning electron microscopy (SEM). Tissues were
then dehydrated and embedded in epoxy resin for semi-
thin sectioning and light microscopy (LM) or ultrathin
sectioning and TEM analysis using standard methodol-
ogy. For SEM, samples were high pressure-critical point-
dried and sputter-coated.

2.5 | Histology and immunostaining

For paraffin histology and IHC, 4pm-thick sections
were cut, mounted on glass slides, and deparaffinized.
Histology was done using standard Periodic acid-Schiff
(PAS), Masson's Trichrome, or Sirius Red staining proto-
cols. For IHC, heat-induced epitope retrieval was gener-
ally performed for 6 min by cooking slides in citrate buffer
(10mM sodium citrate, pH 6.0) using a pressure cooker.
Sections were blocked with 5% BSA (Serva) in TBS for
30min at RT. Samples were then incubated overnight at
4°C with primary antibody dissolved in 1% BSA/TBS or
blocking medium (antibodies listed in Table S1). After
washing in TBS, fluorescently labeled secondary antibod-
ies (Table S1) were dissolved in 1% BSA/TBS or blocking
buffer and incubated for 1h at RT. Sections were then
mounted in PBS-glycerol (1:9). Nuclei were stained with

DAPI (Sigma). For immunoperoxidase staining, sections
were incubated in methanol containing 0.3% hydrogen
peroxide (H,0,) for 15min, then in TBS, blocked in 5%
BSA/TBS at 37°C for 30 min, and incubated with primary
antibody at 4°C overnight, followed by HRP-conjugated
secondary antibody diluted in 5% BSA/TBS for 1h at RT.
DAB (Sigma, D8001) containing 1% H,0, was applied as
a chromogen. Staining was monitored under LM; reaction
was stopped by washing with TBS. Samples were then de-
hydrated in a graded ethanol series, cleared with xylene,
and mounted in Eukitt Quick-hardening mounting me-
dium (Sigma).

2.6 | Light microscopy and
image processing

Images were acquired using a Zeiss LSM 5 Exciter con-
focal microscope (LSM) equipped with Imager.M1 and
a NeoFluar objective lens (63x/NA 1.40). The laser lines
used were 405, 488, 543, and 633 nm. Fluorescence images
were acquired, some of them with additional differential
interference contrast (DIC) overlay. The system was oper-
ated with Zen 2008 software (Zeiss). Immunoperoxidase,
PAS, Masson's trichrome, and Sirius red-stained sec-
tions were examined in bright-field microscopy under a
Zeiss Axio Imager Z2 LM equipped with an ApoTome2
structured illumination acquisition system and a Plan-
Apochromat 20x/0.8 objective using Zeiss ZEN 2012 soft-
ware (blue edition). All image processing was done with
ImageJ (NIH).

2.7 | Filtration slit density analysis

Rat kidney sections (2 pm) were deparaffinized and rehy-
drated, followed by boiling for 5min in Tris-EDTA buffer
(10mmol/L Tris, 1 mmol/L EDTA, pH9) in a pressure
cooker for antigen retrieval. Next, sections were blocked
in blocking solution (1% fetal bovine serum, 1% BSA,
0.1% fish gelatine, 1% normal goat serum) for 1 h. Primary
antibodies (Table S1) were incubated overnight at 4°C.
After washing three times in PBS, secondary antibod-
ies (Table S1) were incubated for 1h at RT. Nuclei were
counterstained with DAPI for 5min, followed by a wash-
ing step in PBS. Finally, the sections were washed in dis-
tilled H,O and mounted in Mowiol 4-88 (Carl Roth) using
high-precision cover glasses (Paul Marienfeld). The eval-
uation of the filtration slit density (FSD) was performed
according to podocyte exact morphology measurement
procedure (PEMP).>>% 3D-structured illumination mi-
croscopy (3D-SIM) was performed with Z-stacks from 19
planes with 488 and 561 nm channels acquired from the
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stained kidney sections using an N-SIM super-resolution
microscope (Nikon) equipped with a 100x silicone objec-
tive. The Z-stacks were converted into a maximum inten-
sity projection followed by the automatized identification
of the filtration slit length as an index of foot process
effacement. FSD was expressed as the ratio of the total
filtration slit diaphragm per podocyte foot process area.
FSD values of 20 glomeruli per animal were quantified in
at least n=3 rats per group.

2.8 | Electron microscopy

Samples from perfusion-fixed and post-fixed rat kidneys
or immersion-fixed human kidney biopsies were embed-
ded in Epon or, for rats only, transferred to critical-point
drying for conventional TEM, large-scale scanning TEM
(STEM), or SEM, respectively. Semithin sections (1pm)
were prepared from Epon blocks with an ultramicrotome
(Ultracut E, Reichert-Jung) and stained with Richardson's
stain for LM evaluation or to select a region for conven-
tional or large-scale digitization. To screen pathological
patterns ultrastructurally, conventional or large-scale ul-
trathin sections (200-400nm) were prepared.27 Sections
for large-scale analysis were partly or completely digitized
at 3-4nm pixel size using TrakEM2 for stitching and nip2
for export to high-resolution tif files and inspection with
QuPath. Qualitative and quantitative analyses were per-
formed using either a Gemini 300 field emission scanning
electron microscope (FESEM, Zeiss) equipped with a scan-
ning transmission electron microscopy (STEM) detector,
SmartSEM, and Atlas 5 software. Alternatively, a Zeiss
EM901 was used for conventional TEM. For repository
implementation on www.nanotomy.org and open access
pan-and-zoom analysis, datasets were exported into a tiled,
browser-based file format using Atlas 5 software. For con-
ventional 3D-SEM, dried and sputter-coated samples were
evaluated by FESEM using an SEM detector.

2.9 | Morphometric analysis

To assess tubulo-interstitial fibrosis from PAS-stained
rat paraffin sections, brightness and contrast were ad-
justed in Image]. Lines were drawn around the perim-
eter of regions of interest (ROI); original magnification
was 200x. Data were expressed as positively stained ROI
versus selected field areas. All samples were examined
in a blinded manner. For quantitative assessment of
alpha-smooth muscle actin («-SMA) and renin immun-
operoxidase staining, at least 15 non-overlapping fields
were selected and a-SMA- and renin-immunoreactive
ROI evaluated using Imagel. The average ratio of ROIs
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to each microscopic field (200x magnification) was cal-
culated and graphed. All measurements were performed
by a single operator in a blinded fashion. Estimation of
glomerular podocyte intactness was performed with anti-
Wilms tumor 1 protein (WT1) immunofluorescence and
DAPI staining using paraffin sections. Fluorescence sig-
nal was acquired on whole-slide images. Podocyte num-
bers per glomerulus were calculated from all glomeruli
per section. Quantification of CD45-positive cells was per-
formed with anti-CD45 immunofluorescence and DAPI
staining using paraffin sections. The average number of
CD45-positive cells was calculated by analyzing 10 non-
overlapping fields at a magnification of 200x (high power
field, HPF). Endothelial pore density was determined
by counting the number of fenestrae per micrometer of
glomerular basement membrane (GBM) in TEM images;
total length of GBM was >750 pm per animal. At least 6
glomeruli per animal were evaluated. To determine fen-
estration density of cortical peritubular capillaries, TEM
images were used. The number of fenestrae per microm-
eter of basement membrane length was counted. Ten
cross-sectional profiles per animal were evaluated; total
length of basement membrane was >850 pm per animal.
Lysosome numbers in proximal tubules were counted
per tubular area on Richardson's stained semithin plas-
tic sections. Conventional lysosomes were termed “dark”
based on their dark-blue stained core; those with clear-
appearing cores were termed “heterolysosomes.” Twelve
to 15 fields selected randomly, each containing 3—4 proxi-
mal convoluted tubule (PCT) profiles, were examined at
200x magnification. The wall-to-lumen ratios of renal
afferent arterioles were analyzed in PAS-stained paraf-
fin sections. Only profiles with open lumen were cho-
sen. Wall and lumen surface areas were calculated using
ImageJ by drawing lines around outer and inner perim-
eter. Seven to 10 arterioles were studied per animal. The
mean glomerular tuft area was measured by using anti-
podocin-stained paraffin sections from entire kidneys
imaged with the 3D-SIM. All available glomeruli with
identifiable vascular pole were evaluated per section,
their numbers ranging between 182 and 343. Podocin-
immunoreactive area was quantified as pm?* (NIPOKA).
Quantification of anti-catalase immunofluorescence
staining was performed by randomly selecting 10 opti-
cal fields, each containing 3-5 PCT profiles per slide at
200x magnification; proximal tubule was identified by
DIC showing brush border membrane. Adjustments of
pinhole, laser power, offset gain, and detector amplifi-
cation below pixel saturation were maintained constant
throughout. Mean fluorescence of catalase per PCT was
determined with ImageJ. At least n=4 to 6 rats per group
were evaluated throughout except for FSD morphometric
measurements (n=3 rats).
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210 | TUNEL assay

Deparaffinized rat kidney sections (4 pm) were post-fixed
in 4% PFA and labeled with TUNEL (Abcam, Ab66108)
according to manufacturer's instructions in order to de-
tect DNA fragmentation. Nuclei were counterstained
with DAPI. Apoptotic signals were acquired by fluores-
cence microscopy (200x magnification) with DIC over-
lay. Labeled nuclei were counted in randomly chosen
proximal tubular profiles from at least 10 adjacent optical
fields and at least 15 randomly chosen glomeruli per ani-
mal, respectively. The apoptosis rate was calculated as the
ratio of TUNEL-positive nuclei per total number of nuclei
and field or glomerulus; n=5-6 rats per group were used
for each experiment. Image analysis was performed with
Imagel.

211 | Western blotting

Whole rat kidney tissue (n=6 for each group) was
ground in liquid nitrogen and lysed in homogeniza-
tion buffer (250 mM sucrose, 10mM triethanolamine
[AppliChem, PanReac, ITW Reagents]), supplemented
with a protease inhibitor cocktail (cOmpleteTM,
Roche), and sonicated 4 times for 1s each. The super-
natant of the protein lysates was obtained by centrifuga-
tion at 1000g for 10 min at +4°C. Protein concentrations
were measured using Micro BCA™ protein-assay-kit
(Thermo Scientific). Samples were stored at —80°C until
further processing. Samples were then mixed 1:4 with
4x Laemmli buffer (Bio-Rad) containing 10% (v/v) B-
mercaptoethanol (Merck), incubated at 65°C for 10 min,
separated by SDS PAGE (10% or 14%; 30 to 40 ug per
lane), and transferred to a PVDF membrane (Macherey-
Nagel). Membranes were then blocked with 5% milk or
BSA in TBS and incubated with primary antibody over-
night at +4°C on a rotating wheel. Antibodies used for
immunoblotting are listed in Table S1. HRP-conjugated
secondary antibody (Dako; diluted 1:2000) was ap-
plied for 1h at RT. Signal was generated by chemilu-
minescent reagent (Amersham ECL Western blotting
detection reagent, GE Healthcare). Blots were imaged
using an Intas ECL ChemoCam Imager (Intas Science
Imaging). Densitometric quantification was performed
using Imagel].

2.12 | Angiotensin IT ELISA assay

Rat plasma angiotensin II concentrations were measured
using Angiotensin II EIA Kit (RAB0010, Sigma-Aldrich)
according to manufacturer's instructions. Briefly, 100pL

of anti-Ang II antibody was added to each well and in-
cubated overnight at +4°C. After a washing step, 100 pL
of plasma (four times diluted) or standard samples con-
taining 20 pg/mL of biotinylated Ang II were added to
the wells and incubated overnight at +4°C. After wash-
ing, 100pL of HRP-streptavidin solution was added to
each well and incubated for 45min, then 100 pL of TMB
substrate reagent was added. After 30min of incubation
in dark with gentle shaking in RT, 50 pL of stop solution
was added to each well and optical absorbance was read at
450nm. Assays were done in duplicate.

2.13 | Quantitative polymerase
chain reaction

cDNA synthesis was performed using 1pg of total rat
kidney RNA (n=6 for each group) with Tetro Reverse
Transkriptase kit (Bioline GmbH). Quantitative pol-
ymerase chain reaction was performed using the
QuantStudio 3 System Real-Time PCR instrument
(Thermo Fisher Scientific) and HOT FIREPol EvaGreen
qPCR Mix (Solis BioDyne). Primers were designed using
the primer-BLAST program (https://www.ncbi.nlm.
nih.gov/tools/primer-blast/index) and obtained from
Metabion GmbH. All primers are listed in Table S2. The
polymerase chain reaction protocol consisted of a 10-
min holding step at 95°C and 40cycles of 15s at 95°C
and 1 min at 60°C. The AACt method was used for gene
expression analysis and expression was normalized
against B-actin.

2.14 | RNA extraction and qualification
Whole rat kidney total RNA was isolated using PeqGOLD
TriFast (VWR Life SCIENCE) according to manufactur-
er's instructions. The purity of RNA was checked using
NanoPhotometer R spectrophotometer (IMPLEN). Next,
an RNA Nano 6000 Assay Kit and Bioanalyzer 2100 sys-
tem (Agilent Technologies) were used to evaluate quan-
tity and integrity of RNA.

2.15 | RNA sequencing and
data processing

RNA sequencing (RNA-seq) of rat kidney RNA samples
(n=4 to 6 per group) was performed (Novogene, https://
en.novogene.com/). A total amount of 1pg RNA per
sample was used as input material. Sequencing libraries
were generated using NEBNext RNA Library Prep Kit for
Ilumina (New England BioLabs), and index codes were
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added to attribute sequences to each sample. Clustering of
the index-coded samples was performed on a cBot Cluster
Generation System with PE Cluster Kit cBot-HS (Illumina).
After cluster generation, libraries were sequenced using
Novaseq HisEquation 4000 platform (Illumina) and 150 bp
paired-end reads were generated. Differential expres-
sion analysis between two groups was performed using
DESeq2 R package. The resulting p values were adjusted
using Benjamini and Hochberg's approach for controlling
the False Discovery Rate (FDR). Genes with an adjusted p
value <0.1 (with no logFC cutoff) found by DESeq2 were
considered as differentially expressed genes (DEG). RNA-
seq data were deposited in the NCBI's Gene Expression
Omnibus repository (GSE225215).

2.16 | Global proteomics

Global proteomics was performed by using protein lysates of
rat kidneys (n=4 to 6 per group) according to a previously
established methodology (Charité Core Facility for High
Throughput Mass Spectrometry, Berlin).”® Briefly, protein
lysates were trypsinized followed by analyzing tryptic pep-
tides by LC-MS/MS using a timsTOF Pro 2 mass spectrom-
eter (Bruker). The raw data were processed using DIA-NN
1.8 with standard settings using MS1 and MS2 resolution of
10ppm. Peptides were identified by library-free mode using
the Rattus norvegicus UniProt (UniProt Consortium 2019)
sequence database (UP000002494_10116, downloaded on
20210116) and the matched-between-runs (MBR) option.
The output was filtered at 0.01 FDR at the peptide level.
All further analyses were performed using the R package
DEP.* Proteins with an adjusted p value<0.1 (with no
logFC cutoff) were considered as differentially expressed
protein (DEP). Data are deposited in the ProteomeXchange
Consortium via the PRIDE partner repository with an acces-
sion number: PXD038841.

2.17 | Global phosphoproteomics

Global phosphoproteomic analyses were perfomed® using
cryo-pulverized rat kidney tissues (n=4-5 per group)
(Proteomics/Max Delbriick Center, Berlin). Samples were
lysed in SDC lysis buffer (1% Na-deoxycholate, 150mM
NaCl, 50mM Tris-HCI pH8.0, ImM EDTA, 10mM DTT,
40mM CAA [2-chloroacetamide, Sigma], phosphatase in-
hibitor cocktail II and III [Sigma]) by heating to 95°C for
10min. The solution was then cooled to RT, and Benzonase®
(Merck; 50units) was added for 30min at 37°C. Protein
(200pg per sample) was digested overnight at 37°C with
endopeptidase LysC (Wako) and sequence-grade trypsin
(Promega) at a 1:100 enzyme-to-protein ratio. Cleaned-up
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peptides were labeled with TMTpro reagents (CsA sample
set) or TMT10 (Tac sample set) according to manufacturer's
protocols (Thermo Fisher Scientific). TMT labeled peptides
of each experiment were combined, fractionated using high
pH-reversed phase chromatography, and pooled into 15
fractions, which were used for phosphopeptide enrichment
using immobilized metal affinity chromatography (IMAC).
IMAC elutes were dried resolved in 3% acetonitrile / 0.1%
formic acid, and separated on a high-performance liquid
chromatography system (Thermo Fisher Scientific), which
was coupled to a Q-Exactive HF-X instrument (Thermo
Fisher Scientific). The mass spectrometer was operated in
data-dependent acquisition mode. Raw data were analyzed
using v 1.6.10.44 MaxQuant software package.** The inter-
nal Andromeda search engine was used to search MS2 spec-
tra against a decoy rat UniProt database (release 2019-07)
containing forward and reverse sequences. The FDR was set
to 1% for peptide and protein identifications, respectively.
Unique and razor peptides were included for quantifica-
tion. Statistical analysis was done with the Perseus software
(version 1.6.2.1). Differentially expressed phosphoprotein
(DEPP) were calculated using Student's t-test with FDR
based cutoff of 5%. The data presented in the study are de-
posited in the ProteomeXchange Consortium via the PRIDE
partner repository, accession number PXD038546.

2.18 | Gene ontology and
pathway analyses

The gene ontology (GO) and pathway analyses for dif-
ferentially expressed genes, proteins and phosphopro-
teins were performed using online bioinformatics tool
Enrichr (https://maayanlab.cloud/Enrichr/). Pathways
with a significance of p < 0.05 were defined as significantly
regulated.

2.19 | Statistical analyses

Evaluations were done in an observer-blinded way.
Statistical analysis was performed with GraphPad Prism
8 software. Normal distribution was tested using the
Shapiro-Wilk test. If data were normally distributed, or-
dinary one-way analysis of variance was used for multiple
groups, followed by Tukey's post-hoc test. For data that
did not follow a normal distribution, the nonparamet-
ric Kruskal-Wallis test with Dunn's post-hoc test was
used. Comparative analysis between two groups was per-
formed by Student's ¢-test (normal distribution) or Mann-
Whitney U-test (no normal distribution). A significance
level of p <0.05 was considered statistically significant; ns,
not significant.
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3 | RESULTS

3.1 | Physiologic parameters

CsA and Tac were delivered during 4weeks by osmotic
minipumps at established dosages.**** CNI-induced kid-
ney injury was assessed by reduced creatinine clearance,
elevated blood urea nitrogen (BUN) and cystatin C levels,
and reduced fractional Na*t excretion (Table 1, Figure 1A-
C). Final body weight in Tac was reduced by roughly
10%, eventually related with intermittent, mild diarrhea.
Further variables are presented (Table 1).

3.2 | Overview pathology

Substantial pathological changes took place in CNI-
recipient kidneys, which ranged between mild onset stages

Parameter Veh (n=11) CsA (n=5)

Serum
Na* (mmol/L) 142 +4 142+1
K* (mmol/L) 4.63+0.82 4.50+0.45
Ca** (mg/dL) 10.0+0.7 9.70+0.9
Phosphate (mg/dL) 8.62+0.96 8.09+0.49
Urea (mg/dL) 31.7+3.80 40.0 +4.80*
Creatinine (mg/dL) 0.29+0.02 0.33+0.02*
Cystatin C (mg/L) 0.39+0.06 0.53+0.04*
AngII (pg/mL) 154+18 339.+38*
Trough level (ng/mL) - 3040 +126

Urine
Na* (mmol/mg) 0.19+0.03 0.11 +0.04*
K" (mmol/mg) 0.41+0.04 0.47 +0.03
Urea (mg/mg) 61.0+7.73 68.7 +6.44
Creatinine (mg/dL) 59.5+19.7 56.6+12.9
Albumin (mg/mg) 0.005 +0.002 0.007 +0.003
Urine flow (mL/24h) 19.2+5.70 14.3+3.30
Osmolality (mOsm/kg) 1432 +346 1663 +269
Body weight (g) 385+40 389 +26%**

and nephron destruction, reflecting CNI nephropathy.
Mild-to-severe glomerular and tubulo-interstitial degen-
erative alterations were observed focally. Foci consisted of
5 to 20 tubular profiles, but also larger areas measuring up
to 150.000 pm” were encountered. These were frequent in
the subcapsular location but also extended to deeper parts
of cortex and outer medulla, featuring onset striped fibro-
sis (Figure 1D). Mean proportional area occupied by foci
was 4.0+ 1.7% for CsA and 4.5+ 1.3% in Tac; ns. Glomeruli
adjacent to foci often displayed a retracted, albeit fully
perfused phenotype. Interstitium of the foci was loose
and meshwork-like in CsA, but dense and cell-enriched
in Tac; fibrosis was illustrated by Trichrome and Sirius
red staining (Figure 1E,F). a-SMA-immunoreactive signal
suggested intensive profibrotic myofibroblast transdiffer-
entiation near atrophic or necrotic tubules and adjacent
glomeruli, vascular pericyte activation, and glomerular
pericapsular activation, more intensely in CsA than in Tac

Tac (n=6) TAB L E 1 Physiologic parameters,
numerical values.

143 +1

4.70+0.53

10.1+0.3

8.41+0.54
38.70 £ 5.80**

0.32+0.01**

0.49+0.07**

428 +108**

3.42+0.80

0.11+0.03**
0.49 +0.06**
76.1+10.2**
50.9+11.6
0.006+0.003
21.3+5.50
1489 +215

Note: Means + SD, normalized by urine creatinine. Urine and blood parameters were obtained from rats
after 4weeks of treatment with vehicle (Veh), cyclosporine A (CsA), or tacrolimus (Tac).

*p <0.05 when comparing Veh with CsA. **p <0.05 when comparing Veh with Tac. **p <0.05 when

comparing CsA with Tac.

FIGURE 1 Physiologic parameters and histological overview. Creatinine clearance (A), blood urea nitrogen (BUN, B), fractional
sodium excretion (C), obtained from rats after 4 weeks of vehicle (Veh)-, cyclosporine A (CsA)-, or tacrolimus (Tac)-treatment (n=5-11);
means +SD; *p <0.05; Tp<0.01; £p <0.001. (D) Representative overviews of fibrotic foci (asterisk) in CsA and Tac; periodic acid-Schiff
(PAS). Note thickening of peritubular basement membrane (arrow). (E) Green signal characterizes fibrotic foci (asterisks) in CsA and Tac
(Masson's trichrome staining). (F) Sirius red staining indicates collagen deposits in fibrotic foci (asterisks) of CsA and Tac. Bars indicate

magnification.
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despite similar mean extension of signal (% area increases
20-fold in CsA, 18-fold in Tac; p <0.001; Figure S1A,B).
Inflammation was detected by CD45-positive leukocytes
accumulating in fibrotic foci of CsA and Tac samples to
similar extent (increases 2.4-fold in CsA, 2.8-fold in Tac;
p<0.001; Figure S1C,D).

3.3 | Renal vasculature

Interlobular arteries showed mild increases in wall thick-
ness upon CNI with occasional hyalinic or necrotizing
subintimal or media inclusions in CsA as opposed to sig-
nificant increases in intermyocyte matrix and adventitial
collagen as well as myocyte thinning in Tac (Figure S2A).
Glomerular afferent arterioles showed PAS-positive wall
inclusions in both CNI and increased wall-to-lumen ratio
in Tac (1.7-fold, p <0.001; Figure S2B,C). Endothelial CD31
expression showed mildly increased signal in CsA and Tac;
luminal occlusion was generally not observed (Figure S2D).
Ultrastructurally, myocytes were particularly rich in contrac-
tile apparatus of single-layered media in CsA, but flattened
and layered in Tac (Figure S2E). Terminal afferent arterioles
regularly displayed hypergranularity of the juxtaglomerular
granular cells with both treatments, with renin signal inten-
sities increased 7-fold in CsA and 8.8-fold in Tac compared
to controls (p<0.001). Specifically, in the Tac group layers
of granular cells featured narrowing of the afferent arteriole
focally at the glomerular entry (Figure S3A,B). TEM detail
of granular cells was inconspicuous in CsA but showed gly-
cogen accumulations, necrosis, or hyaline formations in Tac
(Figure S3C). Interlobular veins and ascending vasa recta
viewed by SEM were normal in CsA but strikingly revealed
partial or total loss of fenestrae in Tac. Focally adhering
CD45-positive leukocytes were control level in CsA, but fre-
quent in Tac (Figure S4).

3.4 | Glomeruli

Glomeruli with mild sclerosis and/or retraction were
found in both groups in association with fibrotic foci.

Capillaries were narrowed, and the mesangium mildly
expanded. Mean tuft area, quantified from podocin-
immunostained sections, was decreased in CNI com-
pared to Veh (—=17% in CsA, —14% in Tac; p <0.05;
Figure 2A). Degenerative changes of the glomerular
tuft varied with the degree of retraction and podo-
cyte effacement. By SEM, focal podocyte effacement
was commonly found in CsA, whereas in Tac, more
extensive or generalized effacement with major podo-
cyte degeneration was detected (Figure 2B). TEM con-
firmed higher podocyte effacement in Tac than in CsA
(Figure 2C). FSD analysis showed that besides areas
of normal configuration of the slit diaphragm, sites of
significant FSD reduction, indicating effacement, were
detected in both CNI groups (—18% in CsA, —15% in
Tac; p<0.05; Figure 2D). Ultrastructure of the cap-
sule revealed an activated parietal epithelium with
occasional vacuolization, cell height varying between
0.2 up to 4 pm, extensive granular and hyaline matrix
formation, layering of the basement membrane, and
adjacent hyaline or granular matrix formations par-
ticularly in CsA; synechiae with podocytes were com-
monly found in both CNI groups (Figure S5A). CD44
immunostaining specified its activated state by sharp
increases in parietal epithelial signal in CsA and Tac;
pericapsular interstitium was mildly (CsA) or substan-
tially (Tac) infiltrated by CD45-positive leukocytes
(Figure S5B,C). Endothelial fenestration of the glo-
merular capillaries showed conspicuous reductions in
pore density by SEM which were markedly stronger in
Tac than in CsA (Figure 3A), and pore size was reduced
in both CNI. These changes were confirmed by TEM,
revealing also substantial condensation of endothelial
cells chiefly in Tac (Figure 3B). Areas of reduced pore
formation were commonly facing those of podocyte
effacement. Reductions in pore density were numeri-
cally confirmed (—31% in CsA, —49% in Tac; p <0.001;
Figure 3C). Changes in tuft structure were further par-
alleled by diminished WT1 immunoreactivity in Tac
(=20%; p<0.001; Figure 4A). Cell death-associated
DNA fragmentation within the tuft by TUNEL immu-
nofluorescence was highly increased in the Tac, but

FIGURE 2 Glomerular structure. (A) Representative glomeruli, semithin sections, Richardson's stain. Glomerular tuft size is reduced

in the CNI-treated samples. Graph shows numerical evaluation (n=4); means + SD; *p <0.05. (B) Representative SEM of glomerular tufts

as viewed from the urinary space after removal of Bowman's capsule. Note single capillaries with flattened podocytes (arrowhead) and

retracted or fused foot processes (arrow) in CsA compared to generalized effacement of podocytes with broad cell bodies and rarified

foot processes in Tac. (C) Representative TEM images of the filtration barrier. Note foot process effacement in the CsA and Tac samples

(arrowheads). (D) Filtration slit density (FSD) was determined by 3D-structured illumination microscopy and Podocyte Exact Morphology

Measurement Procedure; double-immunostaining with anti-podocin antibody to label the filtration slit and anti-integrin o3 antibody to label

the glomerular basement membrane. Flat sections of capillary loops reveal sites of effacement in CsA and Tac (white circles in the merge

images) by missing slit diaphragm of portions otherwise reactive for integrin a3. Graph shows numerical evaluation (n =3-4); means + SD;

*p <0.05. Bars indicate magnification.
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FIGURE 3 Glomerular capillaries—endothelial pore density. (A) Representative SEM images of glomerular capillary endothelial
structure. Normal (top) or reduced pore density (below) in cyclosporine A (CsA). Strongly diminished pore density in tacrolimus (Tac)
(overview, left image; detail, right). Note also smaller pore size in the CNI-treated samples. (B) TEM showing characteristic capillary
endothelial structure in CsA; capillaries with (between arrows, upper left image) and without obvious pore losses (right). Detail (lower
left) is from another capillary. In Tac, capillaries with (between arrows; upper and lower left images) and without pore losses (right) are
detectable in parallel. Note striking condensation and darkening of endothelium when displaying pore losses. Bars indicate magnification.
(C) Endothelial pore density per pm of glomerular basement membrane quantified from TEM sections (n =4); means + SD; #p <0.001.

less so in the CsA group (10-fold in CsA, 22-fold in  Tac (26-fold in CsA, p <0.001, 13-fold in Tac, p <0.01;
Tac; p<0.001; Figure 4B); contrastingly, parietal epi- Figure 4B). These observations were confirmed by nu-
thelial cells showed a stronger signal in CsA than in merical quantification (Figure 4C).
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FIGURE 4 Glomerular Wilms tumor 1 protein (WT1) expression and TUNEL labeling. (A) Anti-WT1 immunoreactivity in podocyte
nuclei. (B) TUNEL immunofluorescence in glomeruli. Glomerular tuft and parietal epithelium show signals in cyclosporine A (CsA) and
tacrolimus (Tac). DIC optics, DAPI nuclear stain; bars indicate magnification. (C) Quantification of signals (n=4-6); means+ SD; ¥p <0.01;

£p<0.001.

3.5 | Proximal tubule

A variety of early changes in PCT were registered upon CNI
administration. In CsA, typical Richardson's dark-stained
lysosomes were largely absent from PCT but instead, one
to several large heteromorphic vacuoles or heterolysomoes

as well as autofluorescent residual bodies were commonly
detected per area. The vacuoles reached nuclear size or
beyond and were filled with PAS-positive content. In Tac,
dark-stained lysosomes prevailed but were less numer-
ous than in Veh, and heteromorphic vacuoles were rare.
Lysosomal changes were quantified (decreases in dark
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lysosomes —79% in CsA, —23% in Tac; increase in hetero-
lysosomes 62-fold in CsA; p <0.001; Figure 5A,B). By TEM,
membrane-bound heteromorphic vacuoles, focally open-
ing into the cytosol or anastomosing with other lysosomes,
residual bodies with granular content, and late endosomes
were identified (Figure 5C). Stages of lysosomal fusion with
residual bodies and late endosomes as well as luminal exo-
cytosis were frequent (Figure S6A). This was confirmed by
SEM, showing the highest numbers of cast-like remainders
of lysosomal exocytosis within the brush border membrane
(BBM) of CsA samples (Figure S6B). The lysosomal nature
of the heteromorphic vacuoles was identified by lysosomal
associated membrane protein 1 (LAMP1) immunoreac-
tivity forming a luminescent ring along each late endoso-
mal/lysosomal perimeter in the CNI groups (Figure 5D).
Abundance of catalase as an indicator of defense against
oxidative stress was elevated in CsA compared to Veh,
whereas in Tac there was no difference (1.5-fold increase
in CsA, p<0.05; Figure S7A,B). Ultrastructurally, major
clusters of peroxisomes were located in the basal cell aspect
(Figure S7C). Western blots showed significant increases
for immunoreactive catalase in CsA, but not in Tac (2.3-
fold increase in CsA, p <0.001; Figure S7D). TUNEL immu-
nofluorescence showed clear maxima of nuclear signals in
PCT and proximal straight tubule (PST) in CsA as opposed
to few scattered signals registered in Tac (PCT, increases
33-fold in CsA, p<0.001, 4.8-fold in Tac, p<0.01; PST,
17-fold increase in CsA, p<0.001; Figure 6A-C). Further
progression to necrosis affected proximal segments in both
groups with losses of brush border and basolateral foldings,
mitophagy, and basement membrane thickening. Whole-
cell autophagy was more pronounced in CsA, whereas
higher liposome accumulations were characteristic in Tac
(Figure S8A-C).

3.6 | Changes in cortical interstitial
vasculature

Intact tissue areas of the CsA and Tac groups showed
regular peritubular capillary CD31 signal, whereas in

fibrotic foci, numerous strongly CD31-positive capillaries
of a rounded, sprouting type were detected (Figure 7A).
Increases of CD31 abundance in CNI groups were con-
firmed by Western blot analysis (increases 1.6-fold in CsA,
p<0.01, 1.8-fold in Tac, p<0.05; Figure 7B). Changes in
endothelial fenestration were observed by TEM. CNI di-
minished the pore density significantly in Tac (—44%,
p<0.001), and endothelial swelling or ridge formation
was detected particularly in Tac (Figure 7C).

3.7 | Overview of
histopathological changes

An overview of CNI-related changes in rat kidney, high-
lighting the differential effects between the drugs used, is
shown in Table 2.

3.8 | Comparative analysis in human
renal biopsies with CNI nephrotoxicity

Human kidney biopsies from patients receiving CNI for
maintenance immunosuppression were comparatively
analyzed. Tissues from renal and nonrenal allograft
recipients revealed clear signs of CNI nephrotoxicity
(Figure S9A). Specifically, thickening of the glomerular
basement membrane was observed in both CNI by elec-
tron microscopy. In Tac, numerically reduced endothelial
pore density coincided with focal podocyte effacement
(Figure S9B,C). In the proximal tubules, augmented het-
erolysosomes, luminal exocytosis and loss of BBM in PCT
were focally observed in the CsA cohort (Figure S9D,E).
Peritubular capillaries showed intact structure and en-
dothelial fenestration in CsA, but altered structure and
markedly reduced fenestration in Tac (Figure S9F,G).
Pathological grading of morphological features con-
firmed substantial nephropathy (Banff 2019; score 0-3),
but showed no significant differences between CNI
(Figure S9H). These results did not differ between recipi-
ents of renal or nonrenal allografts.

FIGURE 5 Lysosomal changes in proximal convoluted tubule. (A) Richardson's staining, semithin sections. Proximal convoluted tubule
(S1 and S2 segments) shows well-preserved standard morphology in vehicle (Veh) with dark-blue stained lysosomes (arrow) per sectioned

cell. Cyclosporine A (CsA) presents with large, clear heterolysosomes (arrowhead) and tacrolimus (Tac) with diminished number of dark
lysosomes. (B) Quantification of dark-stained lysosomes (top) and heterolysosomes (bottom) (n = 5); means + SD; p < 0.001. (C) TEM;
apical vesicular compartment, endosomes, fields of dense apical tubules, lysosomes (asterisks), and autophagic vesicles with membraneous

content are normally developed in Veh. Note multiple heterolysosomes (asterisks) forming chains in apico-basal orientation in CsA. In Tac,

note multiform lysosomes with heterogenous inclusions in Tac (asterisks). (D) Anti-Lysosomal-associated membrane protein 1 (LAMP1)

immunofluorescence of lysosomal stages; boxes in overviews show details on the right; note large heterolysosomes with LAMP1-positive

perimeters irrespective of autofluorescent (arrowheads) or non-autofluorescent content (arrows) in CsA; both selected heterolysosomes are

in the process of luminal exocytosis. In Tac, large heterolysosomes and autofluorescent inclusions are rare (arrowhead). DAPI nuclear stain.

Bars indicate magnification.
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3.9 | Multiomics analyses perspectives underlying CNI-induced pathology in the rat

study. Principal component analysis (PCA) and volcano
RNA-seq transcriptomic, global proteomic, and phos- graphs reveal the similarities and differences between
phoproteomic analyses served to obtain mechanistic  groups (Figure S10). RNA-seq identified 1003 DEGs (507
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FIGURE 6 Proximal tubular TUNEL labeling. (A, B) TUNEL immunofluorescence shows blue nuclear signal in representative images.
Note strong and frequent signal in cyclosporine A (CsA) and weak scattered signal in tacrolimus (Tac) proximal convoluted tubule (PCT;
A). Similar results in proximal straight tubule (PST) with less signal density in CsA (B). DIC optics, DAPI nuclear stain; bars indicate
magnification. (C) Quantitative evaluation; total kidney TUNEL signal is shown for comparison. Percent of total nuclei counts (n=5-6);

means+SD; §p<0.01; £p <0.001.

up- and 496 downregulated, adjusted p<0.1) in CsA and
323 (105 up- and 218 downregulated, adjusted p <0.1) in
Tac. Global proteomics revealed 115 DEPs (52 up- and 63
downregulated) in CsA and 269 (199 up- and 70 down-
regulated) in Tac. Quantitative phosphoproteomic analy-
sis discovered 64 DEPPs (46 up- and 18 downregulated,

FDR <0.5) in CsA and 59 (35 up- and 24 were downregu-
lated, FDR <0.5) in Tac. Few products were jointly altered,
among them increased renin and decreased calbindin
(Venn diagrams in Figure 8). Pathway enrichment analy-
sis of CNI-induced DEGs by Enrichr indicated that among

others,

vasculature development, glomerular visceral
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FIGURE 7 Changes in cortical interstitial vasculature. (A) Anti-CD31 immunofluorescence localized to peritubular capillaries. Note
strongly positive capillaries of a rounded, sprouting type in fibrotic foci from cyclosporine A (CsA) and tacrolimus (Tac) samples (encircled
areas); DAPI nuclear blue staining. (B) Western blot CD31 signals (110kDa) from kidney extracts of CsA and Tac and their respective
vehicle (Veh) groups; 3-Actin (42kDa) serves as loading control (n=6 per group). Densitometric evaluations on the right; means +SD;
*p<0.05; Tp<0.01. (C) TEM of cortical interstitial capillaries in fibrotic foci. Note sprouting type capillaries with absent fenestrae in CsA
and Tac, and endothelial swelling or ridge formation particularly in Tac. Endothelial pore density per pm of capillary basement membrane

quantified from TEM sections (n=4); means+SD; $p <0.001. Bars indicate magnification.

epithelial cell differentiation, actin cytoskeleton organiza-
tion, eukaryotic translation termination, and apoptotic pro-
cess were upregulated, whereas proximal tubule transport
and likely associated metabolism were downregulated,
supporting CsA-typical damages. In Tac, renin-angiotensin
system, biological oxidations, oxidative stress-induced se-
nescence, blood vessel endothelial cell proliferation involved
in sprouting angiogenesis, and vascular wound healing
were up-, and vasculature development, positive regula-
tion of endothelial cell proliferation, mTORC1 signaling,
AMPXK signaling pathway, and actin filament organization
downregulated, which agreed with Tac-typical structural
alterations (Figure 9). Both proteomic and phosphopro-
teomic data were consistent with these pathways and
further selectively pointed to markedly upregulated un-
folded protein response pathway in CsA but not in Tac; the

respective products were verified by WB (p-PERK, 26-fold;
p-IRE1 6.8-fold; sXBP1, 5.4-fold, ccasp-3, 4-fold increases
in CsA, p<0.001; Figures S11-S13). Among single, differ-
entially regulated products, PDIA5 and phosphorylated
PERK (Eif2ak3), related with UPR, as well as HMGB1 and
CTSD, both regulatory in autophagy, were upregulated in
CsA. In Tac, Prkce, Prkd1, Ptger4, and Cavl transcripts,
CAV1 and DDAH2 proteins, and phosphorylated PRKD1,
and VEGFR2 (KDR) protein, all involved in endothelial
function and vasculature changes, were downregulated.
We validated decreased VEGF/VEGFR2 expression in
Tac by RT-PCR (Vegf, —15%; Vegfr2, —29%; p <0.05) and
WB (VEGFR2, —30%; p<0.01; Figure S14). Likewise,
SYNPO transcript and protein, PALLD transcript and
phosphorylation, PODXL protein, and CD2AP phospho-
rylation, all relevant in podocyte biology, were decreased
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TABLE 2 Overview of histopathological changes.

CNI-induced
Compartments changes

Group
comparison Key figure

General Fibrosis CsA=Tac Figure 1D
Inflammation CsA=Tac Figure S1C
Vasculature Arterial hyalinosis CsA>Tac Figure S2A
Arterial myocyte ~ CsA <Tac Figure S2E
change
Wall-to-lumen CsA<Tac Figure S2B
ratio
Enhanced CsA=Tac Figure 7B
endothelial CD31
Enhanced renin ~ CsA=Tac Figure S3A
expression
Loss of CsA <Tac Figure S4A
fenestration, veins
& capillaries
Leukocyte CsA <Tac Figure S4B
adhesion, veins
VEGF/VEGFR CsA>Tac Figure S14
Glomerulus Glomerular tuft CsA=Tac Figure 2A
retraction
Podocyte CsA <Tac Figure 2C
effacement, TEM
Podocyte CsA=Tac Figure S5A
synechiae
Capsular CsA=Tac Figure S5B
activation, CD44
Capsular CsA<Tac Figure S5C
activation, CD45
Loss of CsA <Tac Figure 3A
fenestration
WTT1 positive CsA>Tac Figure 4A
cells, tuft
TUNEL positive ~ CsA<Tac Figure 4B
cells, tuft
Proximal tubule Lysosomal CsA>Tac Figure 5A
changes
Residual bodies, = CsA>Tac Figure S6A
exocytosis
Catalase/ CsA>Tac Figure S7A
peroxisomes
Necrotic end CsA=Tac Figure S8C

stages

Note: Overview of CNI-related histopathological changes, their differential
effects between the drugs used, and the key Figures showing the effect. =, no
change; >, major compared to; <, minor compared to.

in Tac (Table S3). Finally, we used the published list of 193
proximal tubule-specific genes identified in rat kidney to
compare with the present changes.” Here, 100 differen-
tially regulated genes (20 up- and 80 downregulated) were

altered in CsA, but only 33 genes (25 up- and 8 downregu-
lated) in Tac, confirming the more substantial changes in
CsA compared to Tac (Figure S15).

4 | DISCUSSION

This study presents distinctive pathogenesis for CsA ver-
sus Tac. Responses to treatments thus associated CsA with
a tubular and Tac with a microvascular focus. Principal
landmarks of CNI pathology affecting all renal compart-
ments are otherwise reflected. The different damage
patterns offer perspectives to adapt human immunosup-
pressive protocols to patients’ history thereby lessening
nephrotoxic damage. Although lesion characteristics were
confirmed in human renal biopsy samples, our study fo-
cuses on CNI nephropathy under early chronic conditions
without obvious comorbidities in the rat. High-resolution
histopathology, candidate mRNA and protein assess-
ments as well as comprehensive multiomics attributed
renal microenvironmental remodeling to novel, specific
protein signatures.

Histological alterations point to distinct pathogen-
esis in rat arteriolar wall changes between CNI used,
probably mirroring early phase condition, whereas clin-
ical data report arteriolar hyalinization to similar extent
at late stage.” In our model, greater RAAS stimulation
in Tac versus CsA may be among the causes in early
phase.'**® Disproportionate impairment of vasodilatory
prostaglandins in Tac agrees with the observed down-
regulated Ep4 receptor (Ptger4) and related PGE2 action,
implying less eNOS function.*”*® Prkce mRNA, selectively
downregulated in Tac, may suggest impaired VEGF sig-
naling, since its knockdown in bovine endothelial cells
abrogates VEGF-stimulated AKT phosphorylation, de-
creases action of its cognate receptor VEGFR2, and im-
pairs VEGF-stimulated NOS activity.* Likewise, CAV1
mRNA & protein were downregulated in Tac but not in
CsA, supporting related NO deficiency downstream of
impaired VEGF signaling.”® Selective upregulation of
DDAH2, which degrades endogenous NOS inhibitors, in-
dicate potential compensation to preserve NO availability
in Tac.*! Increased leukocyte adhesion, more in Tac than
in CsA, pointed to affection of the endothelial surface and
agreed with focal incidence of CD45-positive cell accumu-
lations.** This difference is in line with CsA's beneficial
effects on adhesion molecules in vitro.** Stimulated endo-
thelial CD31 in both conditions suggests a cytoprotective
response to altered shear stress**** and/or adjustment for
leukocyte transmigration.*®

In humans, overt arteriolar hyalinosis and result-
ing blood flow reduction up to 80% normally associates
with glomerular damage without difference between CNI
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FIGURE 8 Differentially expressed

genes, proteins, and phosphoproteins.

(A-C) Venn diagrams showing the (A)
number of differentially expressed genes,

proteins, and phosphoproteins (RNA-

seq and proteomics, adjusted p<0.1;
phosphoproteomics, FDR < 5; CNI vs.

Veh). Jointly regulated products are

listed in box. “up,” upregulated; “down,”
downregulated.

(B)

Proteomics

©

used.? The rat study commonly revealed retraction of the
tuft and fibrotic alterations of Bowman's capsules in early
and advanced foci with both CNI. Pronounced CD44 ex-
pression, as found in the activated parietal epithelium, is a
useful marker for early CNI nephrotoxicity also in human
grafts.”’ In conjunction with fibrous podocyte synechiae
and CD45-positive inflammatory cell accumulations these
features suggested early stages of sclerotic lesions.*** Tuft
retraction, likely resulting from diminished microvascular
perfusion,50 and decreased FSD occurred to similar extent
in CsA and Tac. Proteinuria was still not detected, which
may be related with the decrease in GFR; also, podocyte
albumin storage was strongly decreased in CNI, pointing
at its reduced filtration (not shown). Clearly, however,
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endothelial fenestration is affected more by Tac than CsA
in glomerular as well as peritubular capillaries and renal
veins, and results in the human Tac cohort were confirma-
tory. VEGF signaling involvement appears possible due
to its effects on pore density in conjunction with TNFa
signaling in mice.”’ A human microvascular CNI neph-
rotoxicity model further underscores VEGF's potential
role. That model displays reduced fenestration and VEGF
signaling along with stimulated Adamts1 and cytoplasmic
deteriorations.* Accordingly, we find exacerbated en-
dothelial cytoplasm condensation for Tac. Adamtsl and
transcription factor SoxI7 are likewise stimulated. SoxI17
status differed between our groups and may provide com-
pensatory endothelial repair in CsA, yet failing to do so in
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FIGURE 9 Pathway enrichment analysis of differentially expressed genes affected by CNI treatments. Treatment with cyclosporine A

(CsA) and tacrolimus (Tac) leads to different molecular pathway responses in chronic CNI nephrotoxicity. Significantly enriched pathways
in genes upregulated (A) and downregulated (B) in CsA versus vehicles (p <0.05). Significantly enriched pathways in genes upregulated
(C) and downregulated (D) in Tac versus vehicles (p <0.05). Term lists used in this analysis were GO_Biological_Processes, WikiPathways,
Reactome, KEGG, and Hallmark to determine enriched processes and pathways from differentially expressed genes (Enrichr webtool).

Tac.> With caveolin-1 (Cav1) substantially diminished at
the mRNA and protein level in Tac, our multiomics data
further link reduced angiogenesis to pore formation.>*
This is further supported by protein kinase D1 (PRKD1)
mRNA and phosphorylation being selectively downreg-
ulated in Tac. PRKD1 also controls VEGFR2, downregu-
lated in Tac, by disinhibiting transcription factor AP2.%
Extensive foot process effacement in Tac, more than in

CsA, suggests impaired filtration barrier and hydraulic
conductivity, since capillary segments with advanced
pore rarefaction show parallel podocyte effacement. This
agrees with decreased WT1 and increased TUNEL sig-
nals in podocytes, both exacerbated in Tac. Diminution
of WT1, an established marker of podocytes, is associated
with barrier function loss®” and early changes toward glo-
merulosclerosis,” while enhanced TUNEL signals relate
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to apoptosis or repair.”® Key podocyte genes such as pal-
ladin, CD2AP, synaptopodin, nephronectin, and podoc-
alyxin, all intrinsic structural components of podocytes,
were selectively downregulated in Tac which also under-
scores higher podocyte damage compared to CsA, and
concomitant impairment in shape and motility of their
foot processes.®®®* Associated decrease in phosphoryla-
tion of CD2AP, a stabilizing protein of the slit diaphragm,
at Ser 404 may reflect further loss of function.®* Although
in their longitudinal histological cohort study, Nankivell
et al. reported equal glomerular damage scores in CsA and
Tac samples,’ our results suggest glomerular vulnerability
to Tac at an early stage.

Tubular damage in CNI nephropathy has been exten-
sively discussed in the past, yet it has remained uncer-
tain whether downstream effects of affected vasculature,
glomerular malfunction, or direct toxicity to epithelia
prevail at its origin. The proximal tubule has earlier been
considered to be the principal nephron segment affected
by CsA and Tac, with no distinction.®*%* In contrast, our
data suggests substantial differences in proximal tubu-
lar damage. The major finding is massive accumulation
of heterolysosomes, identified by their LAMP1-positive
boundaries, and their exocytotic luminal extrusion pre-
dominantly in the CsA group, whereas changes in Tac
were much less lysosomal-based. PERK, a key regulator
in the UPR, was markedly increased together with the
UPR transducer IRE1 and downstream spliced XBP1.
These canonical cascades likely prompted cleaved
caspase-3 and related apoptosis shown here for CsA, but
not for Tac.'®% Already before, we and others reported
impaired proteostasis leading to proapoptotic ER stress
upon CsA, but not for Tac.'”*° Several lines point to the
localization of these particular pathways in the proximal
tubule. Among them are the TUNEL signal and related
apoptotic cell features.**®> With the UPR response also
driving regulation of TFEB, an acknowledged master
regulator of autophagy and lysosomal biogenesis,*® CsA
may block autophagic flux, thus causing the selective ly-
sosomal disorder that was not observed in Tac. Notably,
mTOR inhibitors, commonly employed in combination
with CNI, may have a beneficial effect herein through
their activation of TFEB.?>°%%7 Stimulated ArlSb, ex-
pression standing for enhanced lysosomal exocytosis,
was observed in the proximal tubule in CsA, supported
the lysosome-based defect.®® Upregulated HMGB1 and
CTSD indicate bioenergetic maladaptation and mito-
chondrial dysfunction along with enhanced autophagy
in CsA.®*%7 Such disorders may arise with oxidative
stress, since CsA stimulated catalase with activated
proximal tubular peroxisomes.”!

It is therefore reasonable to conclude that CsA-related
cytotoxicity, among other sites, preferentially affects

ACTA PHYSIOLOGICA ik

these proximal tubule tissue components. Comparison
of our DEG signatures with published library data refer-
ring to the proximal tubule support this interpretation
(Figure S15). The presented changes typically began at
the urinary pole and affected the entire length of PCT, but
had little structural manifestation in PST. This is unlike
early findings in the rat upon higher CsA dosage, combi-
nation with low salt diet, and shorter treatment suggest-
ing the PST as the primary target for CsA toxicity.®> Cell
death in PCT was markedly higher in CsA than in Tac,
but more advanced damage features suggested similar
loss of proximal tubular differentiation in either group.

Lesions in the human cohorts typically reflected long-
term CNI nephrotoxicity with the known, comparable
arteriolar toxicity and glomerulosclerosis,” but also con-
firmed our observations on differential patterns in epithe-
lia and capillary walls.

In summary, we show distinctive pathogenic patterns
arising in renal compartments under CsA versus Tac med-
ications. Besides common effects like fibrosis and atrophy,
landmark differences were the predominant affections of
the filtration barrier in Tac and of the PCT in CsA. Protein
signatures from selective probing and multiomics analysis
point at the mechanisms involved. For Tac, these include
perturbed VEGF/VEGFR2 signaling, while cytotoxic UPR
signaling and altered autophagic flux are more prominent
for CsA. Should this translate into clinical settings, future
CNI selection may consider more selectively lesions of the
renal compartments in conjunction with risk factors for
damage of the filtration barrier versus the proximal con-
voluted tubule.
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