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In brain death, cerebral injury contributes to systemic biological dysregulation, caus-
ing significant cellular stress in donor kidneys adversely impacting the quality of
grafts. Here, we hypothesized that donation after brain death (DBD) kidneys undergo
proteolytic processes that may deem grafts susceptible to posttransplant dysfunc-
tion. Using mass spectrometry and immunoblotting, we mapped degradation profiles
of cytoskeletal proteins in deceased and living donor kidney biopsies. We found that
key cytoskeletal proteins in DBD kidneys were proteolytically cleaved, generating
peptide fragments, predominantly in grafts with suboptimal posttransplant function.
Interestingly, a-actinin-4 and talin-1 proteolytic fragments were detected in brain
death but not in circulatory death or living donor kidneys with similar donor char-
acteristics. As talin-1 is a specific proteolytic target of calpain-1, we investigated a
potential trigger of calpain activation and talin-1 degradation using human ex vivo
precision-cut kidney slices and in vitro podocytes. Notably, we showed that activa-
tion of calpain-1 by transforming growth factor- generated proteolytic fragments
of talin-1 that matched the degradation fragments detected in DBD preimplantation
kidneys, also causing dysregulation of the actin cytoskeleton in human podocytes;
events that were reversed by calpain-1 inhibition. Our data provide initial evidence
that brain death donor kidneys are more susceptible to cytoskeletal protein degrada-

tion. Correlation to posttransplant outcomes may be established by future studies.

KEYWORDS

basic (laboratory) research/science, cellular biology, donors and donation: donation after
brain death (DBD), glomerular biology and disease, kidney (allograft) function/dysfunction,
kidney failure/injury, kidney transplantation/nephrology, organ transplantation in general,
proteomics, translational research/science, QUOD biobank

Abbreviations: DBD, donation after brain death; DCD, donation after circulatory death; FDR, false discovery rate; GO, good outcomes; LD, living donor; NHSBT, NHS Blood and
Transplant; OTB, Oxford Transplant Biobank; PCKSs, precision-cut human kidney slices; PROTOMAP, protein topography and migration analysis platform; QolL, quality of life; QUOD,

quality in organ donation; SO, suboptimal outcomes.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used for commercial purposes.

© 2022 The Authors. American Journal of Transplantation published by Wiley Periodicals LLC on behalf of The American Society of Transplantation and the
American Society of Transplant Surgeons.

Am J Transplant. 2022;22:1073-1087. amjtransplant.com 1073


www.amjtransplant.com
https://orcid.org/0000-0002-8160-2446
https://orcid.org/0000-0002-2148-6658
https://orcid.org/0000-0002-0580-373X
https://orcid.org/0000-0001-7801-665X
mailto:﻿
https://orcid.org/0000-0002-0712-9937
http://creativecommons.org/licenses/by-nc/4.0/
mailto:maria.kaisar@nds.ox.ac.uk

1074 | AT

VAUGHAN ET AL.

1 | INTRODUCTION

When compared to dialysis, transplantation profoundly increases life-
expectancy, improves quality of life (QoL), and is cost-effective.l ™3

Deceased kidney donation after brain death (DBD) is the main
source of transplants, yet these grafts yield inferior short and long-
term transplant outcomes when compared to living donation. This
makes kidney allograft failure one of the most common morbidities
to start dialysis in the United Kingdom and the United States.*

The process of brain death and subsequent donor management
in intensive care units is associated with a complex homeostatic
dysregulation in the donor®® strongly suggesting that brain death
negatively impacts organ quality.” In fact, brain death associates
with a specific pattern of damage to renal substructures including
the podocyte, which will compromise posttransplant graft func-
tion and graft survival.8% As yet, the molecular processes under-
lying brain death-associated glomerular injury, with the potential
for targeted interventions and pharmaceutical prevention, are
unknown.*®

Proteolytic damage of podocytes is a common effector pathway
for glomerular diseases.’®"*® Recent studies in experimental models,
suggest that the maintenance of renal filtration barrier largely re-
lies on proteases as key regulators of podocyte integrity and kidney
function.' Evidence that dysregulation of proteolytic pathways is a
key driver for human disease signifying proteases as promising tar-
gets for tailored therapeutics.?°

In this study, by utilizing the Protein Topography and Migration
Analysis Platform (PROTOMAP),?* we initially profiled the protein
degradome (proteolytic modifications) of donor kidney biopsies that
were selected on the basis of extreme paired transplant outcomes.
Next, to visualize and better describe the detected proteolytic
fragments, we analyzed a separate cohort of DBD, donation after
circulatory death (DCD), and living donor kidney biopsies by immu-

22,23 and

noblotting. Finally, based on our previous research findings
aiming to gather initial evidence of a potential trigger of cytoskele-
tal protein degradation, we investigated, using two complementary
models of human ex vivo precision-cut kidney slices and in vitro
human kidney podocytes, whether Transforming Growth Factor -
(TGF- B) calpain interaction may drive degradation of key structural

proteins destabilizing the podocyte cytoskeleton.

2 | MATERIALS AND METHODS

2.1 | Clinical characteristics of donor cohorts

This study is based on the analysis of preimplantation kidney biop-
sies obtained from 65 deceased and living kidney donors. Deceased
donor kidney biopsies were obtained from the Quality in Organ
Donor (QUOD) biobank, a UK multicenter bioresource of deceased
donor clinical samples procured during donor management and
organ recovery.?* Healthy living donor (LD) kidney biopsies were ob-
tained from the Oxford Transplant Biobank (OTB).

Selection of donor kidneys was based on paired 12-month post-
transplant outcomes. To minimize the impact of recipient factors
on outcomes we only included kidneys for which the contralateral
kidney was transplanted and had similar 12-month posttransplant
outcome; either suboptimal (SO; eGFR < 40 ml/min/1.73 m?) or good
outcome (GO; eGFR = 50 ml/min/1.73 m?). All clinical samples were
linked to corresponding donor and recipient demographic and clini-
cal metadata, provided by NHS Blood and Transplant (NHSBT) reg-
istry. Detailed clinical data are summarized in Table 1 and Table S1.

Biopsies were selected from one kidney per donor, either the left
or right kidney, selected at random.

Deceased and living donor biopsies were collected according to the
same stringent predefined collection protocols. Deceased and living
donor kidney biopsies were collected ex situ immediately after flush-out
and procurement of the kidney in the donor hospital on the back table.
Biopsies were obtained from the upper pole of the donor kidney cortex,
using a 23-mm needle biopsy gun. The obtained biopsies were then di-
vided in two, with one half stored in RNAlater, then liquid nitrogen and
the other half stored in formalin. All donor (deceased and living) kidney
biopsies were procured, handled, and stored according to identical pro-
tocols, to minimize preanalytical variability and technical precautions
were taken to eliminate ex vivo sample proteolysis.

For the initial degradomics profiling by PROTOMAP (detailed de-
scription in Supplementary Data M1.2), we analyzed two cohorts of
pooled biopsy homogenates of DBD (n = 10) kidneys with contrast-
ing transplant outcomes SO (n = 5) versus GO (n = 5) (Figure 1A,B).
Degradomics data were confirmed by western blot (Supplementary
Data M1.5) on an independent cohort of DBD (nh = 32) donor kid-
neys. Biopsies from DCD donor kidneys (n = 23) with suboptimal
outcomes (SO), good outcomes (GO), and from living donors (LD,
n = 10) with good 12-month transplant outcomes were included as

a reference cohort.

2.2 | PROTOMAP sample preparation

(Supplementary Data M1.1)*%%

2.3 | Protein Topography and Migration Analysis
Platform and Data Analysis (PROTOMAP)

Kidney biopsies from the QUOD biobank were prepared and ana-
lyzed by PROTOMAP as previously described (Supplementary Data
M1.2).26728

24 |
(PCKSs)

Preparation of precision cut kidney slices

PCKSs were prepared from healthy renal cortical tissue obtained

from patients following tumor nephrectomies, as described previ-

ously (Supplementary Data M1.3).%?
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TABLE 1 Donor and recipient characteristics
DBD DCD LD
Good Suboptimal Good Good
Suboptimal outcome outcome outcome outcome
Donor characteristics outcome (n=16) (n=16) p value (n = 10) (n=13) p value (n = 10)
Age (y) 57 +10 48 +12 .02 51+5 45+ 12 12 47 +11
Sex (%)
Male 6(38) 8(50) 72 8(80) 7 (54) .38 6 (55)
Race (%)
White 16 (100) 16 (100) 1.0 10 (100) 12(92) 1.0 10 (91)
Weight (kg) 84 + 22 87 + 19 .65 86 + 10 72+8 .001
Height (cm) 166 + 11 173 + 11 .08 171+7 173+ 8 .54
S-Cr terminal (umol/L) 129 + 116.3 75+ 30 .28 88 + 26 62 +21 .02
S-Cr Outlier removed 81 +44 75+ 30 .63
Donor eGFR (ml/min/1.73 m?) 81 + 49 110 + 47 10 88 + 30 119 + 41 .06
Donor cause of death (%) 47 .09 N/A
Intracranial hemorrhage 10 (63) 6(38) 3(30) 10(77)
Intracranial event 3(19) 1(6) 1 (10) 1(8)
Hypoxia 2(12) 4 (25) 3(30) 2 (15)
Cardiovascular 1(6)
Trauma - RTA 1(6) 1(10)
Trauma - Suicide/Accident 1(6) 2(13) 1(10)
Other 1(6) 1(10)
AKIN classification (%) .89 .83
No AKIN 13(82) 14(88) 8(80) 12(92) N/A
1 1(6) 1(6) 1(10)
2 1(6) 1(6)
3 1(6) 0
Missing data 1(10) 1(8)
Warm ischemia time (min) 16 + 3 36 +38 19
Duration : Admission/Cold perfusion (h) 107 + 81 142 + 120 .58 109 + 57 144 + 98 34 N/A
Duration : Brain stem death/Retrieval (h) 16 + 3 19+7 .15
Duration : Admission/Circulatory arrest 109 + 57 144 + 99 34 N/A
(h)
Duration : Circulatory arrest/Cold 12+ 5 19 + 24 .87 N/A
perfusion (min)
CIT (h) 16+ 6 14+4 43 13+7 13+5 .82 N/A
KDPI (%)
25th percentile 49 21 49 31
75th percentile 86 60 81 76
Early graft function (%) .03 1.0
Delayed graft function 15 (47) 6(19) 2 (10) 5(20)
Immediate Function 17 (53) 22 (69) 12 (60) 17 (65)
Unknown 4(12) 6 (30) 4 (15)
Post transplant kidney function (paired) <.0001 <.0001
eGFR ml/min/1.73 m?
3-months 31+8 72+ 15 31+12 81+ 21
12-months 31+9 82 +22 29 +9 77 £ 17 69 + 10
Recipient serum creatinine mg/dL <.0001 <.0001
12-months 204 + 55 90 + 27 211 + 66 101 + 38 95+ 20
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2.5 | Cell culture

Conditionally immortalized human podocyte cell lines®® were pro-
vided by the Bristol Renal Group at the University of Bristol, UK
(Supplementary data M1.4)%%.

2.6 | Western blotting

(Supplementary Data M1.5)

2.7 | Calpain activity

(Supplementary Data M1.6)

2.8 | Cellimaging

(Supplementary Data M1.7)

29 | QPCR

(Supplementary Data M1.8)

2.10 | Sirius red staining and Masson's
Trichrome staining

(Supplementary Data M1.9)

2.11 | Statistical analysis

The number of samples required to demonstrate meaningful changes
between donor subgroups with extreme graft function either subop-
timal or good outcomes has been calculated based on the effect size

observed in previous work.??

Taking into consideration that paired
posttransplant outcomes reduces variability we calculated that an es-
timated minimum of n = 8 individual donor samples were needed to
achieve p < .05, a statistical power 0.8% and a difference 0.2% on the
expression of previously identified proteins between SO versus GO.
Statistics for this study were performed using Graph Pad Prism V7.
Differences in continuous variables were analyzed using an ANOVA
(more than two groups) or two-tailed unpaired Mann-Whitney test
while discrete variables were analyzed using chi-squared tests.
Minimum of three technical replicates were performed in each ex-
perimental analysis. Normalized intensities of immunoblotting data
are shown as a mean + SEM. Kidney Donor Profile Index was cal-
culated using the online calculator https://optn.transplant.hrsa.gov/

resources/allocation-calculators/kdpi-calculator

3 | RESULTS

3.1 |
donors

Clinical characteristics of deceased and living

Kidney biopsies were obtained from DBD, DCD, and living donors at
the back table immediately after kidney procurement. To minimize the
impact of cofounding factors related to post-procurement and recipi-
ent factors, donors were selected on the basis of paired 12-months
posttransplant outcomes. Clinical metadata confirmed that the se-
lected donor groups were representative of the donor population in
the United Kingdom and shown limited clinical variability between
donor subgroups (Table 1). The DBD SO group with median age
(57 + 10 years) was older than DCD SO (51 + 5 years) but the age
difference was not considered to be clinically significant. Intracranial
event (trauma/hemorrhage) was the main cause of death for DBDs
and DCDs. There were more DBDs with AKIN 2-3 than DCD, likely
to reflect the uncertainty of clinicians in accepting DCD kidneys with
AKIN > 1. Duration of donor admission to cold perfusion, WIT, and
CIT were all comparable among all donor subgroups. KDPI profiles
revealed clear differences in the 25th and 75th percentiles between
SO and GO in both donor types, importantly there was no difference
between DBDs and DCDs suggesting that donor factors in isolation
could not explain the DBD-specific degradation observed for these
specific proteins. In the associated metadata has been recorded that
one of the DBD SO donors had a 5.4-fold increase of serum creatinine
(from admission to terminal). This outlier value increased the mean
value of DBD SO S-Cr to reach significance when compared to DBD
GO. Exclusion of this outlier value resulted terminal S-Cr of DBD SO
(81 + 44) to be comparable to DCD SO (88 + 26) (umol/L). Recipients
mean 3- and 12-month posttransplant eGFR were significantly differ-
ent between SO versus GO (SO vs. GO; p < .0001).

3.2 | PROTOMAP shows degradation alterations
in cytoskeletal proteins of donor kidneys with
suboptimal transplant outcomes

Putative differences in the preimplantation kidney degradome of SO
and GO DBD kidneys were mapped through the Protein Topography
and Migration Analysis Platform (PROTOMAP)?>32 (Figure 1B)
(Supplementary Methods M1.1 and 1.2).

This analysis generated 15 700 peptographs corresponding to
6700 proteins. Stringent selection criteria (including the requirement
for at least 20% protein sequence coverage for shortlisting proteins)
reduced the data set to 2320 protein IDs and 1554 protein classes.
Pathway analysis performed using (PANTHER 16.0) mapped 135 of
these proteins as cytoskeletal and 65 of these linked to the integ-
rin regulation pathway. Direct protein-protein interactions (STRING
6.0) showed enrichment of KEGG pathways of focal adhesion false
discovery rate (FDR) 2.11 e-33, catabolic regulation FDR 1.06 e-09
and integrin-mediated signaling FDR 3.09e-9 (Figure S1).


https://optn.transplant.hrsa.gov/resources/allocation-calculators/kdpi-calculator
https://optn.transplant.hrsa.gov/resources/allocation-calculators/kdpi-calculator
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FIGURE 1 Experimental and technical workflows used in this study. (A) Study design. We first studied the degradation profiles of DBD
kidneys that had contrasting 12-month posttransplant outcomes; either suboptimal (SO) or good allograft (GO) function. We applied the
PROtein TOpography and Migration Analysis Platform (PROTOMAP) in kidney biopsies that were obtained from the QUOD biobank.

The analysis shortlisted eight cytoskeletal proteins that were proteolytically cleaved in SO DBD kidneys. Western blotting on a validation
cohort of deceased (DBD and DCD) and living donor (LD) kidney biopsies showed brain death-specific degradation patterns. To explain the
degradation profiles, we tested the role of TGF-f in kidney tissue degradation by employing an ex vivo model of precision-cut human kidney
slices and an in vitro model of human podocyte cells; (B) Description of the PROtein TOpography Migration Analysis Platform (PROTOMAP)
workflow. DBD kidney biopsy protein homogenates were first separated by SDS-electrophoresis, divided into 224 horizontal sections and
subsequently analyzed by LC-MS/MS. Bioinformatics analysis combined data from the gel electrophoresis and mass spectrometry spectra
to generate peptographs that provided information on degradation profiles of the intact protein and the generated fragments. The resulting
peptographs were screened to identify proteins with evidence of endogenous proteolysis and generation of fragment intermediates at a
lower molecular weight than the full length. The selection of proteins for further analysis was based on the following factors: (i) increased
spectral counts of fragments that had migrated at a lower molecular mass in SO (blue bars) versus GO (red bars), (ii) enrichment of the intact
protein or protein fragments in the SO group and (iii) biological relevance, with an emphasis on cytoskeletal proteins
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To identify evidence of increased proteolysis in donor kidneys,
we scanned the peptographs of the cytoskeletal proteins to de-
tect the generation of lower molecular mass fragments of intact
proteins in SO kidneys (blue bars) not observed in GO kidneys (red
bars) (Figure 2). Eight proteins mapped to podocyte cytoskeleton;
a-actinin-1, -4, talin-1, -2, utrophin, laminin p2, synaptopodin, integ-
rin a-1, showed specific and contrasting degradation profiles for SO

Full length protein (*)

Glomerular Basement Membrane

Collagen IV

Fragments generated from proteolytic
cleavage of full length protein

105 KDa 90-70 & 40-30 KDa
270 KDa 125, 25 KDa

> 390 KDa 190, 150 KDa
200 KDa 45 KDa

when compared to GO grafts (Figure 2, Figures S1 and S2). To con-
firm protein degradation detected in PROTOMAP data and further
investigate whether there were donor type specific differences in
the degradome, we performed a targeted analysis of a-actinin-4 and
talin-1 by western blot on deceased and living donor kidney biopsies.
The cohort of samples selected for blotting was independent of the
samples pooled to PROTOMAP analysis.
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FIGURE 2 Mapping the generation of protein fragments using PROTOMAP analysis of kidney biopsies. Arrows show the protein
fragments detected in lower molecular weight generated from the full-length protein. Blue depicts suboptimal outcome (SO) kidneys and

red depicts good outcome (GO) kidneys. Peptographs depict proteins shortlisted from the PROTOMAP analysis of DBD kidneys with GO
(red bars) pooled n = 5; compared to biopsies obtained from DBD kidneys with SO (blue bars) pooled n = 5. Degradation profiles (noted with
the arrow) from N terminus to C terminus of a-actinin (A), laminin p2 (B), talin (C), utrophin (D). (E) Podocyte schematic showing intracellular
actin filaments linked to a-actinin-4 (ACTN4), synaptopodin (SYNPO), utrophin, talin, and through Integrins with intertwined laminin p2
podocyte connected to the podocyte basement membrane (peptographs of Integrin and synaptopodin listed in SF2). The table shows the full
length and fragments identified from PROTOMAP analysis. As a-actinin-1/-4 isoforms and talin-1/-2 isoforms share 85% and 76% homology
we included both isoforms of each protein in the analysis. *Indicates the full-length protein. AIndicates that a-actinin and talin were validated
by western blot on an independent cohort of biopsies and the association of the degradomics profiles to protein isoforms of a-actinin-4

and talin-1 were confirmed. (The separate protein isoform peptographs of a-actinin and talin in addition to the rest of the peptographs are
displayed in Figure S2)
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FIGURE 3 «a-Actinin-4 proteolytic profile is specific to DBD kidneys and associates to posttransplant outcome. (A) Western blot analysis
of donor kidney biopsies from n = 10 DBD with suboptimal outcome (SO: 12-month eGFR (+SD) 31 + 9 ml/min/1.73 m?), n = 10 DBD with
good outcome (GO: 12-month mean eGFR (+SD) 82 + 22 ml/min/1.73 m?), n = 10 DCD with SO (12-month mean eGFR (+SD) 29 + 9 ml/
min/1.73 m? n = 10 DCD with GO 12-month mean eGFR (+SD) 77 + 17 ml/min/1.73 m?, and biopsies from n = 10 LD (12-month eGFR (+SD)
69 + 10 ml/min/1.73 m?) shows that the degradation of a-actinin-4 is specific to DBD kidneys while DCD and LD kidneys show no evidence
of degradation. a-Actinin-4 shows a distinct profile of fragments generated between 90 and 70 kDa and between 40 and 30 kDa. (B) The
ratio of total fragment intensities (normalized to GAPDH) to the full-length protein (105 KDa) shows that the proteolytic processing of the
DBD kidneys with SO is significantly different to DBD GO (means + SEM, *p < .05), the DBD SO is significantly different to DCD SO and LD
(means + SEM, *p < .05; ***p < .001) while there was no difference in the degradation pattern between DCD and LD [Color figure can be
viewed at wileyonlinelibrary.com]

findings (Figures 3 and 4) (Supplementary Methods M1.5). To ex-

3.3 | Immunoblotting suggest a link of cytoskeletal plore whether the degradation signatures were altered in the differ-

protein degradation to brain death ent donor types, we also profiled kidney biopsies from SO and GO
DCDs (n = 23), and from LDs (n = 10).

Western blots of a-actinin-4 and talin-1 of tissue homogenates First, we examined the peptidomic profile of a-actinin-4 due

from SO and GO DBD kidneys (n = 32) confirmed the degradome to its pivotal role in maintaining healthy podocyte function.'®33
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FIGURE 4 Talin-1 proteolytic profile is specific to DBD kidneys and associates to posttransplant outcome. (A) Western blot of donor
kidney biopsies from n = 10 DBD with suboptimal outcome (SO: 12-month eGFR [+5D] 31 + 9 ml/min/1.73 m?), n = 10 DBD with good
outcome (GO: 12-month mean eGFR [+SD] 82 + 22 ml/min/1.73 m?), n = 10 DCD with SO (12-month mean eGFR [+SD] 29 + 9 ml/

min/1.73 m?), n = 10 DCD with GO (12-month mean eGFR [+SD] 77 + 17 ml/min/1.73 m?), and biopsies from n = 10 LD (12-month eGFR
[+£SD] 69 + 10 ml/min/1.73 m?) shows that the degradation of talin is specific to DBD kidneys. A fragment at 125 kDa is clearly increased
with the degradation of the full-length talin protein at 270 kDa in the DBD kidneys. An additional fragment at 100 kDa was also observed
in the DBD SO kidney. The 125-kDa fragment was detected in the DCD and LD kidneys also however in both donor groups the full-length
protein was clearly distinct. (B) The ratio of total fragment intensities (normalized to GAPDH) to the full-length protein (270 kDa) shows
that the proteolytic processing of the DBD kidneys with SO is significantly different to DBD GO (means + SEM, **p < .01), the DBD SO is

significantly different to DCD SO and LD (means + SEM, ****p < .0001) while there was no difference in the degradation rates between
DCD and LD. (C) Talin consists of an N-terminal head and a flexible rod. The head and rod are joined by a linker region that is cleaved by

calpain [Color figure can be viewed at wileyonlinelibrary.com]

The profile of a-actinin-4 showed clearly that protein degradation
had occurred only in DBD kidneys but not in DCD or LD kidneys
(Figure 3A). The detected fragments generated from the full-length
105-kDa protein were significantly enhanced in SO, compared to
GO DBD kidneys (p < .05), to DCD (p < .05) and LDs (p < .001)
(Figure 3B).

Next, we surveyed the degradome profile of talin-1 due to
its key structural role in linking integrins to the actin cytoskel-
eton.’*%% The peptidomic profile of talin-1 demonstrated that
in DBDs the full-length 270-kDa talin-1 protein was proteolyt-
ically processed in most of the DBD samples (Figure 4A) with

the generation of ~100- to 125-kDa fragments. The intensity
of the generated talin-1 fragments was calculated as the ratio
of fragments to full-length protein, normalized against GAPDH
loading controls. The generated fragments were significantly
different in SO DBDs compared to GO DBDs, DCDs, and LD
(Figure 4B).

Talin-1 is a specific target protein for the non-lysosomal cys-
teine protease calpain® with at least four calpain cleavage sites
(Figure 4C). To further investigate proteolytic cleavage of talin-1,
we investigated calpain activation in DBD kidneys with SO and GO
outcomes.
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FIGURE 5 Calpain-1 peptidomic profile reveals enhanced enzymatic activation in suboptimal outcome DBD kidneys. (A) PROTOMAP
analysis showed the generation of a number of fragments in DBD suboptimal outcome (SO) donor groups and the generation of a unique
fragment at around 18 KDa in SO donor kidney biopsies. (B) Western blot analysis of donor kidney biopsies from n = 10 DBD with SO
(12-month eGFR [+SD] 31 + 9 ml/min/1.73 m?), n = 10 DBD with good outcome (GO; 12-month mean eGFR [+SD] 82 + 22 ml/min/1.73 m?)
showed distinct peptidomic profiles that included the generation of protein fragments increased at around ~50 kDa (C), ~40 kDa (D),

~30 kDa (E), and of a unique 18-kDa fragment (F) in SO when compared to GO DBD kidneys (means + SEM, *p < .05; t-test). Band intensities
were normalized against GAPDH
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FIGURE 6 TGF-p treatment of human precision-cut kidney slice (PCKSs) increases calpain activity and caused pro-fibrotic morphological
changes. (A) PCKSs stimulation with TGF-p (10 ng/ml) up to 24 h caused the kidney slices to develop pro-fibrotic morphological changes
detected by Sirius red (top) and Masson's Trichrome staining (bottom). 20 x magnification and 20 um scale bar. (B) Calpain-1 activity significantly
(means + SEM, **p < .01; paired t-test) increased in PCKSs treated with TGF-p up to 24 h

3.4 | Peptidomic alterations of calpain-1 indicate
enzymatic activation

Our PROTOMAP data revealed that calpain-1 had a distinct frag-
mentation profile in SO kidneys compared to GO DBD (Figure 5A).
This was confirmed by western blot analysis on a separate sample

cohort (Figure 5B) that showed that observed fragment intermedi-
ates at ~50, 40, and 30 kDa were significantly increased in SO when
compared to GO DBDs (p < .05) (Figure 5C-E). A distinct fragment
~18 kDa was only seen in SO DBD kidneys (Figure 5F). The calpain-1
fragments (50, 40, 30, and 18 kDa) seen enriched in SO DBDs have
been previously reported to be associated with calpain-1 enzymatic
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FIGURE 7 TGF-p treatment of human immortalized podocyte cells triggers calpain activation, actin cytoskeleton dysregulation and
cytoskeletal talin degradation. (A) Representative contrast microscopy images showing changes to podocyte cells morphology when treated
by TGF-B (10 ng/ml) for up to 24 h; 20x magnification, scale bar is 100 um. (B) Calpain activity of podocyte cells was significantly increased
following stimulation with TGF-B (10 ng/ml) up to 24 h when compared to control (****p < .0001; t-test). Treatment of cells with calpeptin

(1 uM) prior to and during TGF-f stimulation significantly reduced calpain activation (**p < .01; t-test). (C) The degradation pattern of talin-1
of suboptimal DBD kidneys compared to LD kidney with good outcome showed the generation of ~125-kDa fragment (cropped western
blot presenting donor kidneys probed with anti-talin-1 was derived from data presented in Figure 4A). In vitro human kidney podocyte cells
stimulated with TGF-$ (0-20 ng/ml, up to 24 h) showed a dose responsive loss of the talin full-length protein. Talin-1 proteolytic fragments
were detected as ~190- and ~125-kDa bands with a further lower intensity band at ~100 kDa. The generation of these fragments was
reduced when podocytes were treated with calpain inhibitor calpeptin (1 uM) prior to and during TGF-B treatment. The two histograms show
the alterations (fold changes) in the band intensities of the talin-1 main band and the 125-kDa fragment following treatment of podocytes
with TGF-f in the absence (red bars) and presence of calpain-1 inhibitor calpeptin (gray bars). (D) Phalloidin staining of actin stress fibers in
cultured conditionally immortalized podocytes in response to TGF-$ (10 ng/ml) and calpeptin (1 uM) treatments (three technical replicates).
(E) TGF-pB treatment (10 ng/ml) decreased the length of actin fibers (**p < .01; t-test) indicating dysregulation of the actin cytoskeleton.

This loss of stress fiber area was recovered by treating cells with 1 uM calpeptin alongside the TGF-p treatment (*p < .05; t-test). 10x
magnification and 20 um scale bar. (F) Schematic representation of the podocyte cytoskeletal matrix of healthy and after brain death kidney;
brain stem death increases TGF- triggering the activation of calpain-1 and subsequent degradation of cytoskeletal talin-1 affecting the
integrity of actin cytoskeleton in the kidneys with suboptimal posttransplant function

activation and subsequent autolytic processing.®”*® As we were un-
able to perform calpain activity assays in tissue homogenates,’ we
used an ex vivo model of precision- cut human kidney slices and an
in vitro model of immortalized human kidney podocyte cells to first
validate our findings and then to explore a potential causal pathway
to explain the degradomics patterns in DBD kidney biopsies.

3.5 | TGF-B treatment of precision-cut
human kidney slices (PCKSs) increases calpain
protease activity

We have previously shown increased levels of TGF-$ in preimplan-
tation DBD kidney biopsies with SO posttransplant outcomes?? and
as TGF-B plays a key role in preimplantation podocyte injury,*® we
hypothesized that TGF-$ might trigger calpain activation. To investi-
gate this, we used a novel ex vivo model of precision-cut human kid-
ney slices (PCKS) that reflects closely the human kidney physiology
(Figure 6A) (Supplementary Methods M1.3 and 1.8). Treatment of
PCKSs with TGF-f significantly increased calpain activity (p < .01)
compared to the untreated control in the first 24 h of treatment
(Figure 6B) (Supplementary Methods M1.6). To further confirm the
impact of TGF-p on PCKSs, we identified increased levels of col-
lagen 1A1 mRNA suggesting that PCKSs had undergone interstitial
collagen deposition and increased tubulointerstitial fibrosis; further
confirmed by staining with Sirius Red and Masson's Trichrome-

stained sections (Supplementary Data M1.9 and Figure S3).

3.6 | TGF-B treatment of human kidney
podocytes-generated proteolytic fragments of
talin-1 that matched DBD preimplantation kidney
degradation profiles

To determine whether TGF-f-linked calpain-1 activation has a down-
stream impact on the integrity of the podocyte cytoskeleton, we

employed an in vitro model of conditionally immortalized human
kidney podocyte cells to investigate the impact of TGF-f stimulation
for up to 24 h (Supplementary Methods M1.4). Induced cytoskeletal
changes manifested as pro-fibrotic morphological alterations includ-
ing cell elongation and thickening of the peritubular area (Figure 7A).
Importantly, stimulation of podocytes with TGF-$ caused significant
calpain activation (p < .0001) (Figure 7B). Treatment of podocyte
cells with calpain-specific inhibitor, calpeptin (1 uM), prior to and
during stimulation with TGF-p, prevented TGF-p-induced calpain ac-
tivation (Figure 7B).

Given the key role of talin-1 in sustaining the podocyte integrity
and since we have shown that talin-1 was markedly degraded in DBD
SO kidneys, we examined whether the interaction of TGF-$ and cal-
pain-1 led to degradation of talin-1 in this in vitro model.

Analysis by western blot of TGF-p-treated podocyte homogenates
revealed that talin-1 was proteolytically processed with the generation
of distinct fragments at ~190, ~125, and ~100 kDa (Figure 7C). Notably,
the ~125-kDa fragment we had previously shown to be distinct in the
DBD SO (Figure 4A) kidney biopsies with corresponding degradation
of the full-length protein (Figure 7C), was also generated in podocytes
in a TGF-$ concentration-dependent manner. Inhibition with Calpeptin
prior and during TGF-f stimulation, reduced the proteolytic processing,
limited the generation of the 125-kDa fragment and reduced cleavage
of full-length talin-1 (Figure 7C). This result strongly suggested that
talin-1 degradation in this model was mediated by calpain, activated in
turn by the treatment of podocyte cells with TGF-g (Figure 7C).

As podocyte cytoskeletal integrity is a key determinant of kidney
disease; we examined whether TGF-f treatment impacted actin re-
modeling. Following TGF-f stimulation of podocyte cells, there was sig-
nificant reduction of the actin stress fibers compared to the untreated
cells (p < .01) and TGF-p+calpeptin-treated cells (p < .05) as mea-
sured by rhodamine phalloidin staining (Figure 7D,E) (Supplementary
Methods M1.7). Taking together, these data show that TGF-p triggered
calpain activation that negatively impacted the integrity of the podo-
cyte actin cytoskeleton. The observed impact was inhibited by calpain
inhibition, preserving the podocyte cytoskeleton.
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4 | DISCUSSION

Our data, obtained from a unique cohort of preimplantation biop-
sies from DBD, DCD, and LD kidneys, provide initial evidence that
activation of proteolytic processes predominantly occur in brain
death causing alterations in podocyte cytoskeleton. Replicating
the observed DBD kidney key degradation profiles of talin-1 in
human kidney immortalized podocyte cells revealed a role of the
calpain-1-TGF-f axis in proteolytic activation and cytoskeletal
dysregulation that may deem grafts susceptible to subsequent
injury-a causal link that further studies should aim to establish.

To investigate the donor kidney degradome we analyzed de-
ceased and living donor kidney biopsies obtained with identical
procurement protocols to minimize preanalytical confound-
ing factors. This stringent experimental selection, based on
paired transplant outcomes, also increased our confidence in
obtaining meaningful data that predominantly relates to donor
minimizing the impact or bias from surgical or posttransplant
factors.

We, and more recently others, have shown that the application
of the PROTOMAP technique to complex clinical samples provides
a comprehensive profiling of both N- and C-terminal proteoforms
with sufficient sequence coverage to determine epitope coverage
by commercial antibodies, thereby allowing validation by immuno-
blotting.?>**? |nitial, unbiased PROTOMAP degradation profiling
and pathway analysis mapped o -actinin, synaptopodin, talin, laminin
B2, integrin a1, and utrophin as a cluster of cytoskeletal proteins as-
sociated with focal adhesion in podocytes had undergone enhanced
proteolytic processing in DBD kidneys with SO posttransplant func-
tion. Evidence that proteolytic cleavage of key podocyte proteins
is a destabilizing process that damages the integrity of podocytes
and the glomerular filtration barrier has been previously shown in
experimental models but with limited evidence on human kidneys
to date.?%*3 Therefore, to further investigate protein degradation
of the podocyte cytoskeleton and to better visualize donor-specific
degradation patterns, we examined the degradome profiles for cer-
tain proteins on a separate cohort of donor kidney biopsies obtained
from DBDs, DCDs, and LDs, by western Blotting. Blotting confirmed
our PROTOMAP data showing that DBD-specific a-actinin-4 and
talin-1 had undergone proteolytic processing and peptide fragments
were enriched in suboptimal outcome grafts.

Although these two actin-binding proteins had been previously
identified, mainly in vitro and preclinical settings, as susceptible to
proteolysis, 8344447 here we show, that for these proteins, proteo-
lytic modifications happen predominantly in DBD kidneys. Talin-1 and
a-actinin-4 have a pivotal role in sustaining the normal kidney physi-
ology*® through either integrin activation and also in linking integrins
to actin cytoskeleton. Consequently, talin-1 cleavage decouples in-
tegrins to actin cytoskeleton resulting in podocyte injury and kidney
pathology, as previously described.®*4°~>7 In our study, proteolytic
cleavage of the full-length talin-1 protein with the parallel generation
of the distinct ~125-kDa fragment, was clearly observed not only in
kidney biopsies, but it was also confirmed in the in vitro human cell

model treated with TGF-p. We observed that in DCDs and LDs the
~125-kDa talin-1 protein fragment co-existed with the talin-1 full-
length protein that appeared intact in most samples of these donor
cohorts. This suggests that the generation of the ~125-kDa fragment
may also results from normal protein turnover as part of the physio-
logical maintenance of cellular homeostasis. In contrast, for the ma-
jority DBD kidneys, the ratio of the 125-kDa fragment compared to
talin-1 full-length protein clearly shown that talin was proteolytically
processed predominantly in SO DBD kidneys when compared to GO
DBDs, DCDs, and LDs. As our study was not statistically powered to
establish a causal link between proteolytic degradation and subse-
quent development of graft dysfunction a larger study is needed to
confirm the observed associations of cytoskeletal degradation to sub-
optimal transplant outcomes.

As talin-1 is a specific calpain-1 target%’58 and our PROTOMAP
and western blot data indicate increased enzymatic activation of
calpain-1 in DBD SO kidneys, our investigation focused on studying
this interaction further using two complementary models. To inves-
tigate a possible trigger for calpain activation in DBD kidneys we
built on our previous findings showing that TGF-p signaling is pre-
dominant in DBD kidneys when compared to DCDs and enhanced
in SO DBDs.?22®

We demonstrated that TGF-f stimulation of both ex vivo
precision-cut kidney slices and in vitro podocytes-mediated cal-
pain-1 activation. In vitro calpain-mediated talin-1 degradation pro-
duced a ~125-kDa proteoform. This fragment was of the same size
as the fragment detected in the DBD kidney biopsies indicating that
full-length talin-1 had been cleaved by calpain-1 at the same cleav-
age site to produce the same size fragment. The role of calpain in
this cascade was confirmed by the protective effect of calpeptin, a
calpain-specific inhibitor.

Calpain proteases are tightly regulated and only activated directly
by increased levels of intracellular levels of Ca+2, micromolar levels
favors calpain-1 activation.%” Their physiological roles include cyto-
skeletal remodeling, cell cycle regulation, and apoptosis in addition to
proteolysis of specific targets.59 Calpain-1 is known to proteolytically
target utrophin, a-actinin-4, and dystroglycan.®” Calpain-mediated
degradation of Utrophin®® in muscle cells is reported to generate a
~190-kDa intermediate that we also detected in our PROTOMAP data.

Previously has been shown that TGF-p-mediated calpain ac-
tivation has a role in endothelial mesenchymal transition to myo-
fibroblasts and onset of fibrosis®>®%; here our data indicate that
multifaceted TGF-f has also a role in activating calpain-associated
proteolytic pathways that alter the podocyte cytoskeletal integrity.

In our experiments, calpeptin markedly reduced TGF-B-driven deg-
radation and prevented actin cytoskeletal dysregulation. As calpeptin
has previously shown that ameliorates glomerular injury, in rodent
and in vitro models of experimental focal segmental glomerulosclero-

SiS,31'63

our data may provide an insight of this protective mechanism.

As our data relate to deceased donor kidneys, it is important to
consider our findings in the context of dysregulation following brain
death. Severe cerebral injury, cerebral ischemia, and brain stem death

cause the release of endogenous cytokines and catecholamines that
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trigger a “sympathetic or catecholamine storm”.}2¢*%> Circulating in-
flammatory mediators cause the activation of proteolytic pathways as
previously described by others. These biological stressors trigger var-
ious cell stimuli such as membrane depolarization causing increased
intracellular Ca?* influx.® Once calpain is activated from changes in
intracellular Ca%*, it triggers proteolytic pathways that cleave key pro-
teins, modifying the integrity of the podocyte cytoskeletal matrix in
donor kidneys, as our data demonstrated. Determining whether cyto-
skeletal matrix protein degradation is ongoing posttransplant, thereby
contributing to progressive development of allograft dysfunction, will
open new therapeutic opportunities.

Emerging interest in the therapeutic application of calpain in-
hibition to treat diseases such as muscular dystrophy, neurological
injury, and ischemia/reperfusion injury,®’ suggest a potential thera-
peutic strategy to modulate or inhibit calpain activation preventing
podocyte damage in donor grafts early after brain death.

Although we detected well-defined differences between DBD
and DCD kidneys in the level of cytoskeletal protein degradation,
it will be inappropriate to make any broad suggestions to link donor
type with overall organ quality. Multicollinearity of molecular and
clinical factors in determining biological processes and clinical out-
comes need to be further investigated in larger donor cohorts. It is
highly probable that the complex biological changes during brain
death and donor management disproportionally impacting donors
with undiagnosed co-morbidities, deem these grafts susceptible to
proteolysis and kidney injury.

As our observations derived from the analysis of clinical samples,
inevitably we were faced with limitations related to biological het-
erogeneity, that may explain that in some donors talin detection was
low. This might also be explained by heterogeneity in the number of
glomeruli in the analyzed preimplantation biopsies.

In conclusion, our data indicate that brain death donor kidneys
are more susceptible to cytoskeletal protein degradation that may
predisposes grafts to further injury posttransplant. Further investi-
gation should aim to unravel the role of TGF-p and calpain-1 inter-
actions in protease activity in kidney disease. Defining how donor
and recipient factors impacting proteolytic processes is essential as
podocyte cytoskeletal degradation emerging as a novel mechanism

of kidney injury.
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