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Abstract. Interstitial fibrosis with tubule atrophy (IF/TA) is the response to virtually any sustained kidney injury and cor-
relates inversely with kidney function and allograft survival. IF/TA is driven by various pathways that include hypoxia, renin-
angiotensin-aldosterone system, transforming growth factor-f signaling, cellular rejection, inflammation, and others. In this
review, we will focus on key pathways in the progress of renal fibrosis, diagnosis and therapy of allograft fibrosis. This review
discusses the role and origin of myofibroblasts as matrix producing cells and therapeutic targets in renal fibrosis with a par-
ticular focus on renal allografts. We summarize current trends to use multiomic approaches to identify new biomarkers for
IF/TA detection and to predict allograft survival. Furthermore, we review current imaging strategies that might help to identify
and follow-up IF/TA complementary or as alternative to invasive biopsies. We further discuss current clinical trials and thera-

)

INTRODUCTION

Renal tubulointerstitial fibrosis is characterized by exces-
sive accumulation of extracellular matrix proteins. It is the
final common pathway of virtually any sustained kidney
injury. Factors known to cause interstitial fibrosis (IF) in
transplant are immune-mediated or nonimmune-mediated,
including acute and chronic rejection, arterial hyperten-
sion, dyslipidemia, diabetes, infections, ischemia, and
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immunosuppressive agents, particularly calcineurin inhibi-
tors (CNIs).!

The severity of tubulointerstitial fibrosis correlates
well with kidney function®* and is strongly associated
with tubule atrophy (TA), and thus considered as a single
parameter interstitial fibrosis (IF)/TA.’ IF/TA, previously
included in the term chronic allograft nephropathy, is com-
mon in kidney allografts. IF/TA is detectable in 25% of
renal allografts at 1y,% around 65% at 2-5 y*’ and 90%
at 10 y after transplantation.” Of note, another recent
study suggests that moderate or severe fibrosis might be
less prevalent (17% by 5 y).'” IF/TA, especially when
accompanied by inflammation, correlates with decreased
graft survival.!'"® It has been reported that 10-y graft sur-
vival was 95% in patients without IF/TA, but only 41% in
patients with IF/TA and transplant vasculopathy.'* Within
patients that return to dialysis or require retransplanta-
tion, the most common cause of allograft failure has been
reported to be IF/TA irrespective of the underlying cause,
followed by acute rejection and recurrent primary kid-
ney disease.'>'® IF/TA is commonly caused by a defined
etiology such as calcineurin nephrotoxicity,!” polyomavi-
rus-associated nephropathy,'®! or as a consequence of
allo-immune mechanisms, including both cellular (T-cell
mediated [TCMR]) and antibody-mediated rejection
(AMR).?° Although risk of death declined over the past
20 y in transplant patients, still many die from cardiovas-
cular diseases and infections early after transplantation,
and from cancer and cardiovascular diseases at later time
points.>"*? Therefore, death remains an important cause of
allograft failure.”

In this review, we will focus on key pathways, diagno-
sis, and therapeutic options in kidney allograft fibrosis.
Fibrosis of native kidneys and IF/TA in kidney allografts
likely share pathophysiology and mechanisms. Since most
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knowledge on kidney fibrosis comes from nontransplant
rodent models or patients with chronic kidney disease
(CKD), we will also highlight relevant work from the gen-
eral kidney fibrosis field. Whenever possible, recent work
conducted in the field of transplantation will be presented.
For further information on kidney allograft fibrosis and
CKD, the readers are referred to the following excellent
reviews.”*?’

KEY PATHWAYS INVOLVED IN RENAL FIBROSIS

The key mechanistic pathways that have been implicated
in the pathogenesis of IF/TA are renin-angiotensin-aldos-
terone system (RAAS), hypoxia,®® transforming growth
factor (TGF)-B signaling, unrecognized cellular rejection
and chronic inflammation, cellular senescence and cell
cycle arrest,”*" and DNA methylation®*** among others.
Some of these pathways are partially induced by immuno-
suppressive therapy (Figure 1).

Myofibroblasts Are Matrix Producing Cells in Renal
Fibrosis

It is believed that the kidney consists of >43 cell types
with even more cell-states of individual cell-types.** The
complex crosstalk between epithelial (tubule and glomeru-
lar cells), inflammatory, and endothelial cells and many
other cell types in response to sustained injury leads to
activation of myofibroblasts, which are the cellular origin
of kidney fibrosis.””** We have shown by genetic lineage
tracing analysis that tissue-resident, but not circulating,
Glil+ mesenchymal stem cell-like perivascular cells pro-
liferate after kidney injury to generate myofibroblasts.*®
Glil+ cells represent a relatively small subset of the plate-
let-derived growth factor (PDGF) receptor beta + kidney
population, but expand considerably after injury and
contribute to about half of all myofibroblasts. Peritubular
capillary loss has been proposed to be the final common
pathway for fibrotic renal disease. We could show that kid-
ney injury leads to loss of capillary number and size®” and
that the severity of kidney injury determines the severity of
capillary loss. Glil+ cells are adjacent to the endothelium
of renal capillaries and are also present in the adventitia
of arterioles and arteries distant from endothelium. Upon
injury, Glil+ cells detach from endothelium to become
interstitial myofibroblasts driving fibrosis.*® Glil+ cell
ablation in kidney homeostasis resulted in capillary loss
and hypoxic tubule injury,®® suggesting that the detach-
ment of Glil+ cells from endothelium might indeed trigger
endothelial cell-death, capillary destabilization, and loss
with subsequent hypoxic tubule injury, inflammation, and
fibrosis. A potential role of vascular endothelial growth
factor, PDGF, and ephrinB2 signaling has been reported to
be involved in perivascular cell activation and potentially
detachment to drive the process of capillary loss.*»"*
Using single-cell RNA-sequencing of nephrectomies from
patients with and without CKD we could demonstrate
that myofibroblasts are primarily derived from distinct
fibroblast and pericyte lineages, whereas other cell-popu-
lations only show very minor contribution to matrix dep-
osition.** The combination of PDGF receptor-alpha and
PDGF receptor beta allowed to mark the vast majority
of kidney myofibroblasts in these human kidneys.** Our
analysis further indicated that immune cells and injured
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tubule epithelium are the key crosstalk partners that might
drive activation of fibroblasts and pericytes. Importantly,
these data have not been confirmed in kidney allografts
yet, but since we discovered very conserved mechanisms
of fibroblast and pericyte to myofibroblast differentiation
in rodent kidney fibrosis and human nephrosclerosis, we
hypothesize that the mechanisms in allografts will be quite
similar with very likely recipient immune cells driving acti-
vation of donor mesenchymal cells.

Is Epithelial-mesenchymal Transition Involved in
fibrosis? Fibrosis?

There is still ongoing controversy about additional
precursor cells of myofibroblasts, including circulating
bone marrow-derived cells, or transition from either mac-
rophage, epithelial (EMT), or endothelial cells.**’ In the
kidney, EMT describes the transitioning and cell migration
of polarized epithelial tubule cells through the basal mem-
brane into apolar mesenchymal cells in the interstitium. The
evidence for EMT is strong in studies performed in vitro,
but in vivo studies argue mostly against at least “complete”
EMT.***¥ A study using a rat model of kidney transplanta-
tion suggested that EMT is involved in the development of
IF/TA and it coexists with enhanced oxidative stress.’® An
association between EMT 3 mo after renal transplantation
and the late IF/TA lesions observed 1 y after transplan-
tation has been reported.’’ We have performed induc-
ible genetic fate tracing using SLC34alCreER;tdTomato
mice subjected to kidney fibrosis®® and could show that
proximal tubule epithelium does not differentiate into
interstitial myofibroblasts. Furthermore, our recent single-
cell RNA-sequencing data indicate that epithelial cells do
not contribute much to matrix gene expression in human
CKD.** However, partial EMT, a mechanism in which
epithelial cells dedifferentiate upon injury toward a mes-
enchymal phenotype and secrete various profibrotic fac-
tors, that activate resident interstitial mesenchymal cells to
differentiate into myofibroblasts, might play an important
role in fibrosis.**** Given the strong evidence a%ainst com-
plete EMT outside the transplantation field,”™*® it is very
likely that the reported phenomenon indicates dedifferen-
tiation of tubule epithelium, which then activates intersti-
tial cells in a paracrine fashion.

Inflammation and Immune-mediated Injury

Acute TCMR is often prevented with the use of immu-
nosuppressive therapy, but if present it is linked to a higher
risk of IF/TA development.'*%%¢ Samples with prevalent
IF/TA and with acute rejection-affiliated genes as identified
in 234 graft biopsy samples correlated with a higher risk
of graft lost at 5 or more y.

The Banff Classification of Allograft Pathology is the
predominant classification system for the reporting of
renal allograft biopsies.’® Since the combination of IF/TA
with inflammation of any degree was associated with a
worse prognosis as compared to fibrosis alone,' 130 the
Banff lesion score inflammation (i)-IF/TA was introduced
in 2015.°" Profibrotic and proinflammatory cytokines,
produced by epithelial and inflammatory cells, are mem-
bers of the TGF- superfamily, interleukin-6, interleu-
kin-8, monocyte chemoattractant protein-1 (MCP-1/
CCL2), endothelin-1, macrophage inflammatory pro-
tein-1, chemokine (C-C motif) ligand 5, complement C3,
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FIGURE 1. Risk factors for progression of kidney fibrosis and potential antifibrotic strategies. CNI, calcineurin inhibitor; CVD,
cardiovascular disease; GLP-1, glucagon-like peptide 1 receptor agonist; HIF, hypoxia-inducible factor; KLK1, kallikrein 1; MRA,
mineralocorticoid receptor agonist; RAAS inhib., renin-angiotensin-aldosterone system inhibitors; SGLT-2 inhib., sodium-glucose
cotransporter 2 inhibitors; siRNA, small interfering RNA; TGF-8, transforming growth factor-beta.

macrophage migration inhibitory factor, and macrophage
inflammatory protein-2.°*°¢ i-IF/TA describes the extent
of inflammation in the scarred cortex and is one of the cri-
teria necessary for a diagnosis of chronic active TCMR.>¢’
Accelerated IF/TA progression by chronic TCMR inflam-
mation is associated with allograft failure.®”*® Molecular
profiling indicated that IF/TA samples with or without
inflammation have ongoing and often subclinical immune-
mediated injury.’” Borderline TCMR is a separate category
of the Banff schema, which uses a lower diagnostic thresh-
old and is usually considered as mild TCMR, although it
has been also linked to IF/TA.®*7?

AMR is associated with IF/TA and graft failure.”””>”°
Diagnostic characteristics of AMR based on the Banff
2019 classification’® are tissue injury in the absence of any
other cause, evidence of recent or present endothelial reac-
tion to antibodies, and presence of donor-specific antibod-
ies (DSAs), in particular anti-HLA antibodies.” Of note,
DSAs”””® are not always detected in AMR, but positive

C4d staining and molecular classifiers are accepted as sur-
rogate markers for DSAs.”®”? In addition, recent evidence
suggests that HLA-indegpendent mechanisms can also trig-
ger allo-recognition,®®®! associated with early vascular
intimal fibrosis and allograft survival.** Like TCMR, AMR
can present with abru3pt kidney dysfunction or can have
a subclinical course.®® Importantly, subclinical rejection
(AMR without signs of acute kidney dysfunction, that is,
rise in serum creatinine <20% or development of proteinu-
ria <500mg/d or per gram creatinine) has also long-term
consequences for kidney allograft survival. An observa-
tional study showed a similar prevalence of subclinical
TCMR and AMR, but patients with subclinical AMR had
poorer graft survival at 8 y posttransplant (56%) com-
pared to patients with subclinical TCMR (88%).” AMR
with de novo DSA (occurrence after transplantation)
is associated with lower allograft survival compared to
AMR with preexisting DSA (present before transplanta-
tion).5*5 Recently, a large study showed that preexisting
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DSA resolved in half of the patients within the first 3 mo
after transplantation, and patients with persistence of pre-
existing DSA had increased risk of 10-y graft loss.®

Hypoxia

Kidney transplants are exposed to several conditions
that can cause hypoxia. The conditions include periopera-
tive ischemia and reperfusion,’”?® as well as postoperative
factors including surgical complications, vasoconstriction
by immunosuppression,’! infections,”*’* and vascular rar-
efaction as a consequence of fibrosis.”*” An epigenome-
wide mapping study of kidney allograft biopsies showed
that cold ischemia occurring during kidney transplanta-
tion induced DNA hypermethylation by loss of 5-hydroxy-
methylcytosine and predicted reduced allograft function 1
y after transplantation.’> Methylation of DNA at cytosine
bases of the CpG-rich sites reduced the expression of genes
involved in suppressing kidney injury and fibrosis.’*??
Hypoxia leads to oxidative stress and accumulation of
reactive oxygen species,”””*”® which is a profibrogenic
stimulus.”” "' Hypoxia is a major risk factor for delayed
graft function (DGF), which is usually defined by dialy-
sis in the first week after transplantation. DGF is associ-
ated with the activation of the innate immune system
triggered in particular by hypoxic proximal tubule injury,
which in turn secretes proinflammatory cytokines, pro-
moting migration of neutrophils and macrophages into
kidney interstitium.'>'% This cascade further stimulates
cytokine synthesis, activation of dendritic cells and an
adaptive immune response. Finally, both leukocytes and
lymphocytes activate the complement system, contribute
to endothelial dysfunction, and promote the formation
of microthrombi, which further aggravates the hypoxia,
causing a vicious cycle within the kidney.'®*'% Patients
with DGF have hi%her risk for acute rejection and reduced
allograft survival.*»'°” Although clinical and experimen-
tal studies have demonstrated that hypoxia and acute
kidney injury (AKI) are independently associated with
an increased risk of CKD, known as AKI-to-CKD transi-
tion, % '"% the role of DGF on progression of fibrosis is
less clear. A retrospective study showed similar progres-
sion of fibrosis between control and DGF group within the
first year after transplantation.''® Similarly, donated kid-
neys after circulatory death with severe AKI did not have
increased fibrosis after 1 y of transplantation.'” Another
study showed that DGF only in combination with TCMR
was associated with progression of fibrosis,''® thus sug-
gesting once again that prolonged inflammation is critical
for development of allograft fibrosis.'*

Cellular Senescence

The senescent cell is characterized by increased lysoso-
mal content and a stable arrest in cell cycle resistant to
apoptosis through activation of cyclin-dependent kinase
inhibitors, including p16Ink4a, pl4arf, p53, and p21Cip1/
Waf1.""12% Cellular senescence can be induced by DNA
damage, telomere shortening, and oxidative stress upon
repetitive acute injuries and ongoing inflammation accu-
mulated over time.'?! In mouse fibrosis models, it has been
shown that tubule cells become arrested in G2/M of the cell
cycle and adopt a profibrotic secretory phenotype,'** which
can be targeted pharmacologically using c-Jun N-terminal
kinase inhibitor'** or histone deacetylase inhibitor'*® to
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reduce fibrosis. The senescent cells obtain a senescence-
associated secretory phenotype and secrete proinflamma-
tory and profibrotic cytokines and chemokines as well as
growth factors.'*""'?* Cullin3 (Cul3) E3 ubiquitin ligase
ubiquitinates, and thus regulates, a wide range of sub-
strates involved in Wnt/f3-catenin, Hedgehog/Gli, nuclear
factor kappa-light-chain-enhancer of activated B cells,
Notch, Kelch-like ECH-associated protein 1/nuclear factor
erythroid 2-related factor 2 (Nrf2), collagen export, and
cell cycle.'*1** Cul3 mutations are believed to be involved
in induction of cellular senescence.'>"*” We observed that
tubule epithelial-specific deletion of Cul3 in mice led to
DNA damage, increased expression of p21, and sustained
tubule injury and fibrosis."*® Similarly, Cul3-deficient
liver cells undergo DNA damage and express senescence
markers including p16 and p21."*" Various studies tar-
geted successfully pl6Ink4a so far.'**'** The amount of
senescent cells, in particular of p16INK4a positive cells,
in donor kidneys have been correlated with IF/TA.>14514¢
In kidney biopsies, level of p16INK4a before transplan-
tation correlated with donor age, telomere length, and
serum creatinine levels 6 mo and 1-y posttransplant.'*”!*
Targeting senescent cells using senolytics such as dasatinib
and quercetin'**'* might provide a promising approach
in renal fibrosis and development of IF/TA in chronic allo-
graft nephropathy.

DIAGNOSIS OF RENAL FIBROSIS

Routine clinical approaches to assess kidney health
are measurements of serum creatinine, estimated glo-
merular filtration rate (eGFR), urine volume per day, or
urinary excretion of protein or red blood cells. However,
these parameters have its limitations to detect early stages
of kidney fibrosis as significant loss of renal function is
required before abnormalities can be observed during
patient’s visit."" In fact, substantial fibrosis can be found
in some recipients with fairly normal eGFR values.”**!’!
Early detection of renal allograft dysfunction is critical to
implement renoprotective treatment to prevent progression
into end-stage renal transplant failure reducing morbid-
ity and mortality and improving quality of life. The lowest
observed creatinine after transplantation is often presumed
to reflect “baseline” renal function. However, whether this
is the true baseline or a state in which a mild sustained
injury is ongoing is often not known. Calculations to pre-
dict expected posttransplant kidney function by incorpo-
rating donor and recipient information might add relevant
information to assess allograft function; yet whether
deviation between expected and observed serum creati-
nine should trigger further diagnostic and therapy to avoid
accelerated loss of kidney function is unknown."*"?

Renal Biopsy

Assessment of renal fibrosis by kidney biopsy is the gold
standard in daily practice.'*>'5® Even when clinical evalu-
ation strongly suggests a particular cause of allograft dys-
function, biopsy is often still needed to clarify the severity
of kidney injury to guide treatment. In addition to indica-
tion biopsies, some centers also perform protocol biopsies
as part of their surveillance program. Protocol biopsies are
helpful to detect subclinical chronic pathologies and to
track progression of kidney fibrosis."*”"*® i-IF/TA can be

Copyright © 2021 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



e118 Transplantation m October 2021 m Volume 105 m Number 10

found in one-third of protocol biopsies,?® and can be used
as surrogate for allograft survival.”!*! The Banff classifica-
tion is the standard in the evaluation of kidney allograft
biopsies and allows a good prediction of allograft sur-
vival.” However, new automated morphometric analysis
may outperform the semiquantitative Banff classification
in predicting allograft survival.'3%1¢!

Biomarkers

Renal biopsy suffers from its invasiveness with bleeding
as the most common complication after biopsy,'®*"®* thus
noninvasive tools are highly desirable to monitor kidney
function. Biomarkers may help to predict long-term allo-
graft outcome or differentiate between chronic rejection
and IF/TA of other origin. The list of potential biomark-
ers for kidney transplant injury is growing exponentially
through access to high-throughput omics-technologies and
extension to microRNA, cell-free DNA, metabolic prod-
ucts, etc.'® Unfortunately, most biomarkers are often not
organ-specific and reflect the inflammatory state or overall
body homeostasis rather than the extent or progression of
renal fibrosis. Further, increased levels of urine biomark-
ers might reflect either a less stringent glomerular filtration
barrier or decreased uptake of “biomarkers” by tubule
cells rather than reflecting the accumulation of extracel-
lular matrix in the kidney.

The diagnostic value of the tubule injury marker neu-
trophil gelatinase-associated lipoprotein (NGAL) is well
described in AKI and has been also studied in the setting of
renal transplantation. Higher urine NGAL correlated with
tacrolimus-induced chronic renal allograft fibrosis.'®® The
CONTEXT trial showed that NGAL on day 1 after trans-
plantation was associated with DGE, but it did not correlate
with the eGFR at 12 mo after transplantation. Similarly,
the study also found no correlation between eGFR and
biomarkers, including liver—ty;ae fatty acid-binding pro-
tein, cystatin C, and YKL-4."°” In contrast, the FAVORIT
trial showed an association between high urine NGAL
and risk for allograft failure.'®® However, this association
was much weaker in comparison to that of al-microglob-
ulin and MCP-1."> Other studies have observed that
al-microglobulin and MCP-1 levels correlate with degree
of IF/TA in protocol biopsies.!”*!”* CXCL10 has been
shown to be associated with TCMR in the first 12 mo
after transplant, eGFR decline, and risk of allograft loss.'”*
Urinary CXCL13 has also been found to be predictive of
IF/TA and acute rejection.'”*!”* Transglutaminase type 2
is an extracellular matrix crosslinking enzyme known to
have a pivotal role in kidney fibrosis'’® and mi%ht be a
potent biomarker for kidney allograft fibrosis.'**'"” A cur-
rently recruiting observational clinical study investigates
urinary transglutaminase type 2 as a biomarker for kidney
allograft fibrosis (NCT03487861). Mineral metabolism
indices vitamin D, PTH, and serum calcification propensity
(T50) associate with IF/TA, but do not show additive value
to fibrosis prediction by eGFR and proteinuria in kidney
transplant recipients.

MicroRNAs control gene expression by affecting the
translation of related mRNA. Several microRNAs have
been reported to regulate pathways relevant for inflam-
mation and development of fibrosis, including TGF- and
PDGF signaling.'”® MicroRNAs are stable in plasma and
urine, making them interesting biomarker candidates. In
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urine of recipients of proven IF/TA, lower miR-200b, -211,
and -204, and higher miR-21, -142-3p were found."””"1%*
In serum, higher levels of miRNA-148a, -21, -150, and
-423, and lower levels of miR-200b, —145—5%), and -148a
were reported in recipients with IF/TA.'®'® More miR-
NAs were discovered in kidney biopsies.'””'*¢1?! Since
preclinical data highlighted miR-21 as a potential target
in a mouse model of Alport syndrome, a current phase 1
clinical study has been completed that investigated miR-21
inhibitor RG-012 in Alport patients (NCT03373786); the
results have been not reported yet.

Integration of 6 transcriptome datasets revealed 85
genes specific to IF/TA, which was used for computational
drug repurposing analysis.'”* Here, kaempferol and escu-
letin were identified as potential therapeutics for IF/TA."*
Kaempferol attenuated TGF-f1-mediated profibrotic
signaling in vitro and in mice, whereas esculetin inhibited
Wnt/B-catenin pathway in vitro and in vivo."”* A tran-
scriptome analysis of kidney biopsies within the Chronic
Allograft Rejection study identified a set of fibroblast-
specific genes that were independently predictive for the
development of fibrosis at 1 y.'"”> However, a recent study
showed that transcripts in allograft biopsies added little
additional predictive ability to clinical parameters regard-
ing allograft survival.'”* The Banff Molecular Diagnostics
Working Group created a commercially available Banff
Human Organ Transplant panel covering 770 genes related
to transplant-associated virus infection, immune response,
rejection, tolerance, and drug-induced toxicity.'”

Proteomic analysis of renal allograft biopsies identified
coagulation factor XIII, actin-related protein 2/3, uridine
phosphorylase 1, and cytochrome ¢ oxidase assembly
factor 6 homolog as highly associated with IF/TA.'?%!%7
Factors directly involved in extracellular matrix produc-
tion and their turnover are attractive biomarkers for IF/
TA.P$1%? CKD273 is a multidimensional urinary pro-
teome classifier consisting of 273 protein fragments,”%
predicting the incidence and progression of CKD and/or
albuminuria in type 2 diabetes on top of baseline albumi-
nuria and eGFR.*"?%® These peptide markers were mostly
different fragments of various collagens, blood proteins,
and specific kidney-derived proteins (eg, uromodulin). A
case-control study compared the urinary proteomic profile
of pediatric renal transplant recipients with chronic active
antibody-mediated rejection (cAMR) to that of pediat-
ric renal transplant recipients with stable kidney func-
tion without cAMR.?*” Combination of cAMR-classifier
consisting of 79 biomarkers with the CKD273-classifier
increased the specificity of detecting cAMR.*"” Other cur-
rently recruiting studies are assessing urinary exosomal
biomarkers of IF/TA (NCT03870542) and proteogenomic
biomarker panels for acute rejection and IF/TA in blood,
urine, and kidney tissue (NCT01531257).

Imaging

An alternative or complementary approach to detect
fibrosis is imaging. Ultrasound technologies are at this
time-point not convincing for detection of fibrosis and
require further development.?’®**”  Several different
MRI techniques have been used to detect renal fibro-
sis.”1%215 A recent study combined 3 functional meas-
ures, which correlated with IF in kidney transplants.*'®
First, blood oxygen level-dependent imaging was used
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to detect less-oxygen requiring areas of fibrosis.”!”*!®

Second, diffusion-weighted imaging (DWI) quantified tis-
sue water molecule free movement, which is restricted in
areas with increased extracellular deposition.?'”*** Third,
arterial spin labeling was used to measure tissue micro-
vascular perfusion,””! known to be decreased in native
and kidney transplants with fibrosis.****** Blood oxygen
level-dependent has been frequently used for evaluation
of kidney fibrosis, but mixed results have been reported
because of many factors influencing blood flow and oxy-
genation.”"” Other techniques may better correlate with
the deposition of collagen in fibrotic kidney tissue. For
example, magnetic resonance elastography can be used to
measure kidney transplant stiffness as a surrogate marker
for fibrosis,”****® but requires external hardware and is
only available in specialized centers. Magnetic resonance
relaxometry (MRR) produces pixel-wise parametric maps
of tissue-specific T1 and T2 relaxation times for assess-
ment of edema or fibrosis.”*”**’ A recent study suggested
that higher cortical T1, obtained by MRR, and lower
medullary fractional anisotropy, a parameter describing
the direction of molecular motion within DWI, show the
best correlation with eGFR and IF/TA.*"> Other studies
reported similarly higher T1(rho)**° and lower fractional
anisotropX values in kidney allografts with impaired func-
tion.?**** Recommendation articles for standardization
of MRR?* and DWI*** have been published to address
the present inconsistency of imaging protocols. Other
studies are ongoing to compare histologic findings with
multiparametric renal MRI (NCT03780101) and mag-
netic resonance elastography (NCT03918161). However,
the specificity of several imaging modalities to diagnose
and to stage fibrosis have been questioned, as they might
reflect impaired kidney function by, for examyle, altered
blood flow rather than by renal fibrosis.”****® A recent
report indicates that molecular imaging of the extracel-
lular matrix protein elastin using the elastin-specific MRI
contrast agent elastin-specific magnetic resonance imaging
agent allowed for repetitive and reproducible assessment
of renal fibrosis, and thus has the potential to become a
fibrosis-specific imaging method to assess renal fibrosis.>*”

Optical Tissue Clearing

Although traditional 2D histopathology of kidney biop-
sies is crucial to guide nephrologists, it suffers from low
sensitivity of sparse lesion and lack of spatial information.
The combination of optical tissue clearing protocols with
advanced light microscopy made 3D imaging and analysis
of cellular structures in whole organs possible.?***** Optical
clearing methods use so-called refractive index match-
ing solutions to make organs translucent for a volumetric
view on lesions. Several studies have shown its usefulness to
detect multilayered structures in diseased kidneys***** and
renal allograft biopsies.**” Optical clearing has the potential
to expand into pathology practice, but further development
and optimization of protocols are needed to facilitate the
future in routine pathology with 3D examination.**3>%°

THERAPEUTIC OPTIONS

Arterial hypertension, diabetes, dyslipidemia, tobacco
use, and obesity are risk factors for chronic allograft injury
and cardiovascular disease. Thus, treatment and/or control
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of these risk factors are simple and powerful antifibrotic
approaches. It is important that patients suspected of hav-
ing chronic allograft injury leading to progression of IF/
TA undergo biopsy, as treatment of some causes such as
BK virus nephropathy could stop progression of fibro-
sis. Unfortunately, most biopsies will show IF/TA with or
without other irreversible features consistent with chronic
graft injury. Thus, the diagnosis of chronic allograft injury
is a diagnosis of exclusion. In Table 1, we summarize all
currently recruiting clinical trials in kidney fibrosis that
were identified by a search of ClinicalTrials.gov.

Optimization of the Immunosuppressive Therapy

The immunosuppressive therapy with cyclosporine
and tacrolimus has significantly improved allograft sur-
vival,”"**? but long-term exposure to CNI can result in
renal fibrosis. CNI causes vasoconstriction and oxidative
stress,and also increases TGF-f,apoptosis,and macrophage
infiltration.'” Transition from high-dose cyclosporine ther-
apy to lower-dose tacrolimus with mycophenolate sup-
plementation helped to reduce CNI nephrotoxicity.*® In
creeping creatinine study, mycophenolate was substituted
for cyclosporin A, and there were no differences in mortal-
ity, graft loss, acute rejection, infection, or blood pressure
between the 2 groups after 12 mo.”** The “Chronic Renal
Allograft Failure” study replaced cyclosporin A with tac-
rolimus, and there was no difference in death or graft loss
between both groups. However, less incident cardiac events
were observed with tacrolimus.*> Immunosuppressive
agents that inhibit mechanistic target of rapamycin, such
as sirolimus and everolimus, can be used to reduce the dose
of CNIs; for review see.”>® Tacrolimus with mycopheno-
late compared to a 3-mo conversion to everolimus with
low-exposure tacrolimus provided similar effects in terms
of fibrosis, acute rejection rates, and graft function, but
higher rates of BK and cytomegalovirus infections.>’
Mesenchymal stromal cells have emerged as potential can-
didates for immunomodulatory cell therapy with antifi-
brotic effects,”***! and a currently active phase 2 study
is combining mesenchymal stromal cells with everolimus
to facilitate tacrolimus withdrawal and to reduce fibrosis
(NCT02057965).

Sodium-glucose Transporter 2 Inhibitors

The sodium-glucose transporter 2 (SGLT2) inhibitors
canagliflozin, empagliflozin, and dapagliflozin were shown
to have renoprotective effects in diabetic patients.*6*2%
This led to the initiation of clinical studies investigat-
ing kidney disease events of empagliflozin and dapa-
gliflozin in nondiabetic CKD patients (NCT03594110,
NCT03190694). A recent study showed that patients with
CKD who received dapagliflozin had significantly lower
risk for kidney function decline or death than those who
received placebo, independent of the presence or absence
of type 2 diabetes.”®® These studies made SGLT?2 inhibi-
tors attractive as an antifibrotic drug to potentially treat
millions of patients with kidney disease. SGLT2 inhibitors
seem to be safe in diabetic renal transplant patients with
a low rate of adverse events and urinary tract infection.”®’
However, studies investigating the effect of SGLT2-
inhibition on progression of IF/TA in kidney allograft
recipients are lacking.

Copyright © 2021 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



www.transplantjournal.com

e120 Transplantation m October 2021 m Volume 105 m Number 10

"0l BUIUNRAID 0] UIWNGJR SULIN ‘YO ‘BUde-I0108) SIS0J08U Jowin) ‘0-4N] ‘¢ Jo1oe) Limoib Buillojsuen ‘g-49 | ‘se1aqeip g adf ‘\dz.L Z Jauiodsuenod 8soan|B-wnipos ‘z-119S “Aening wio4 Loys Wwe)-9g ‘9g-43 ‘apnded ¢ adf usbejjoaod [euilual-N ‘dNilld ‘epnded onainieu
ureiqoud-IN ‘gNgoad-1N {189 wals [ewAyauasaw ‘S| ‘g-eseulsloldojelall X1ew ‘g-diAIA | L-Uieloid Jueloesieowsayd aikaouow ‘L-doiN ‘84 Jo Aufenp pue asessiq Asuply “100AY ‘ddD Ainnisuss ubly dd0-sy ‘yod-|Aeinibifyiaw-g AxolpAH-g ‘YoD-HINH ‘| apndad ayj-uobean|d
‘1-d719 ‘eseasip [eual abrIS-puUa ‘QYST ‘e1el uoneajl Jejniawolf pajewnse ‘Y499 ‘Buibew 8oueuosal ansubew paiybiam-uoisnuip ‘|HIN-MA ‘SA18GeIp ‘NI ‘eseasip Asupiy d1uoIyd ‘v ‘einssald poojq ‘dg Lonqiyul swAzus-Buiaauod-uisusioibue 130y ‘ungojfosoiw | eyde ‘W10

alreuuonsanb
71¥99€0 9¢4S 'd40-SU dNgoid-IN ‘O UILieyA Y498 U abuey) auIfjxoiuad F-dOIN 0-4N ‘seseJalsaipoydsoyd N@ZL v—€ a0
0erLLer0 uixAieoopod pue g-dIN Areutin uf sbuey) Y490 pue Yavn Ul 8buey) 9PILIESOJOIN didonoiaid ‘alypuILBYALY fpedo.ydau opadelq
(Jagzaal] F-dOIN pue v/ uiydojofo Areutin HovN Ut ebuey) 0qg0e(d SA 8UIpeLSJOXa] aujeIsIyAUY Auredoiydeu onsaelq
syoene
£029€££0 WasAs SnoAau ‘Ayjeliow Jeinasenoipie) 1nob ‘eunuiNg|e pue Y499 ul sebuey) Joulndojly 10 1e1S0XNGe- pioe aun =1 D
UIeISeANSoy
6580GGE0 918 ‘Uabejoo Al 8dA ‘|-dOIN ‘4499 eunuialold uj sbuey) NOUHM IO Lum UeLiesIws] 8Sejonpal \y0-HINH €/C MO
£20G61L£0 A[eLiow ‘s)uane asianpy aUIUNRaID BUI[eSBq Ul 9Se8I0U| auidipojwy ‘[udouisi 1siuoBejue-WnNIoed ‘130 A
¥ 8seud
162012€0 918 1000 ‘8dojs Y498 ‘Q4ST 01 BWIL  Yyesp [eusl ‘gHST 4498 Ul uononpal %0 L0Lo4L [eAOWBI PIDY AUEL L/UIWTWOY—0¢
€G161850 219 ‘awoaino Arewid Jo Jusuodwiod Auy U1eap ‘q4s3 auloap Yoo :aysodwo) apnn|Bewsg J10ydaoal |-419 M2 LU/ W G/~Ge 4499
79 1€8€0 )8 ‘eUnuilold ‘AYfeLo Y498 Ul abuey) uluLiofis |yl 9500N|9 de—¢ M0
U1esp 1o
0L1¥65€0 018 ‘Uyesp ‘uoiiezife)dsoH uoissaibioud esess|p Aeuppy :e)sodwo) uizoybedws ¢ [HS W gL LW/ W06> 01 0¢< 4499
€ 9Seld
aujunealo Buwngre
RIVENE) ogeoe|d Jouqyu B 0005002 PUe LW €/ /Uil
22/26Yy0  8sianpe dg dloiss ‘Y498 ‘ovn ul abuey HOVN Ut 8buey) $A uizolyiiBedep sa g1/G07Y utroud Bupreanoe-eseusbixodil-G [T G/=0¢ d499 UM aMo
€19e¢r0 SIexIew Uoewweyju| BUNUILING[E ‘Y498 ‘SIUBNS B8SIBADY 66 NG ulaiifeM LU €/ UW/W06-0€ 1499
9peM20|q
/961770 019 ‘Sjuana 8sIanpe dg ‘H49e Ul sbuey) HovN Ut ebuey) 9rE1SO (-J0}0B} UIMOID [el810pUS JeINoseA Aupedo.ydau opadelq
1-dON PUe dNilid
/6586270 HOVN PUB Y499 Ul sebuey) ‘N0 8uLN “dIA-MA Aq pessesse sisoiqid auopluapild g-191 =L MO
LE18Y820 Y490 Ul 8BuByD ‘xapul Ayl ‘UONUNL SN PO0|Q JO/PUR ‘Te) ‘UIS Ul SISyIBW 80USISaURS unsaIeng ‘qiuneseq 8180 1U80S8USS N ‘W €2 H/UIW/ W GG 1499
6789120 18 01 ¥OH ‘4499 Ul 8buey) Hown u abuey) JSIAl 103 [BIIIGUIN ajdonoisld Apedo.ydau opadelq
L7/656E0 slalalieled ge| [elonss Ul abuey) Y408 Ul abUey9 ‘SIUBAS 8SIaNpY DS penLap-anssh asodipy oidonoisld G- MO
/288620 SJajewesed qe| [esanes Ul abuey) Y408 Ul 8BUBYD ‘S1UBAS 8SIBAPY  S|[89 WslS PaALIBp-aNnssi asodipy oidonolald Y/9€ QM0
67851570 019 ‘SJUsne aSIanpe dg Ul abueyn Howvn Ul abuey) apnnpe1o) 1siuoBe uoBean|b/|-419 Ayredoaydau onagei
auIuNeaId
€9€066£0 Linuas ‘9 uneisko ‘Y49e uj sbueyd HovN Ut ebuey) loutindojy/ ‘peinuiap pioe aun =1L @0
$S8.1S BAITRPIXO ‘UoNeIp
00€/6720 wnisselod ‘4408 Ul abuey) paleIpall-moy) ‘eUnuIUNg[e U abuey) 3pLOJiWY ‘Bucloejouods  wsiuoBelue 101dedal pIodMIodoRIBUIA M LU/ W GZ< Y498
2 9seyd
19N juiodpua Aiepuodag juiodpua Aewnd bnig 196181 uonIpuo’)

uapi Aob
‘Sjenpjeauny

(sisoiqiy pue “uejdsued) Asupy ‘sso| Yelbojje |euad ‘sisoiqly [euad ‘@seasip Asupn] 21U04YD SWLId}
yo.ueas ‘nobrsjeryjeaiul)d uo pajsi| asoyl Ajuo) ayo yum sjuaned ul sbnip onoiquyue jepuajod Bunebinsaaul p—g saseyd ul Sjer} uoijuaAIdlul [eoluld Buiinisal Apuasiny

‘L INavi

Copyright © 2021 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



© 2021 Wolters Kluwer

RAAS Inhibition and Endothelin 1 Receptor
Antagonist Atrasentan

Angiotensin II promotes vasoconstriction and aldos-
terone release to increase blood pressure, but it also has
several grooxidant, proinflammatory, and profibrotic
effects.?®*?"! The profibrotic effects are partially exerted
through angiotensin II type 1 receptor and extracellular
signal-regulated kinase to activate SMAD signaling.*”
RAAS inhibition leads to dilation of efferent arterioles,
and thus decreases intraglomerular pressure and stress.
RAAS inhibition has been shown to slow the progres-
sion of CKD.?”>*”5 Benefits of RAAS blockade in kidney
transplant recipients remain controversial,”’®>”* as RAAS
blockade did not delay CKD progression after renal trans-
plantation.”®>*! A recent meta-analysis concluded that a
trial with >10 000 patients would be needed to answer
whether RAAS blockade reduces kidney allograft loss.”””
The ineffectiveness of RAAS inhibition in kidney transplant
recipients might be due to the alternative RAAS pathway,
in which chymase and neprilysin cleave Angiotensin I to
Angiotensin II even in the presence of angiotensin-convert-
ing enzyme inhibitors.***

Endothelins are potent vasoconstrictors and profibrotic
growth factors.”®* The recent SONAR study demonstrated
that the endothelin 1 receptor antagonist atrasentan delays
CKD progression in diabetic CKD patients.”** Sparsentan
is a dual-acting angiotensin receptor blocker and highly
selective endothelin type A receptor antagonist. Two clini-
cal studies are currently investigating the renoprotective
effects of sparsentan in IgA nephropathy (NCT03762850)
and focal segmental glomerulosclerosis (NCT03493685).

Mineralocorticoid Receptor Antagonists

Several preclinical studies have shown that mineralo-
corticoid receptor antagonists (MR As) such as spironolac-
tone and eplerenone ameliorate or cure kidney injury and
dysfunction in different models of kidney disease.”® One
study demonstrated reduced renal oxidative stress when
spironolactone was initiated in kidney recipients.**® The
multicenter study EPURE is currently recruiting patients to
assess the impact of eplerenone on 3-mo renal graft func-
tion.”®” In children with biopsy-proven IF/TA, eplerenone
administration for 24 mo attenuated the progression of
fibrosis.”®® The SPIREN trial is currently investigating the
effect of spironolactone for 3 y on GFR, proteinuria, and
IF in biopsies and cardiovascular events.”*” MRAs carry the
risk to cause hyperkalemia, although good safety profiles
have been reported for kidney transplant recipients.>”%*"*
The recent FIDELIO-diabetic kidney disease study showed
that the MRA finerenone versus placebo met the primary
endpoint in reducing the risk of CKD progression, kidney
failure, or death from renal cause, in gatients with CKD
and type 2 diabetes (hazard ratio 0.82).>”> Adding Daiichi-
Sankyo’s MRA CS-3150, known as Esaxerenone, for 12
wk to an ongoing RAAS inhibition reduced albuminu-
ria in patients with type 2 diabetes in a phase 2 study.*”*
According to the website of Daiichi-Sankyo, a phase 3 clin-
ical trial (ESAX-DN study) met recently its primary end-
point of remission to normoalbuminuria after treatment
for 52 wk in patients with type 2 diabetes and microalbu-
minuria. In Japan, esaxerenone became clinically available
for hypertensive patients as it lowered blood pressure in

the phase 3 study ESAX-HTN.*”
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Lowering Urate

A study showed that higher uric acid level after kidney
transplantation was associated with more severe IF/TA
and lower graft survival over 10 y.*’® However, in patients
with CKD, urate-lowering treatment with allopurinol did
not slow the decline of eGFR as compared to placebo.?’
Similarly, the measured GFR after 3 y did not differ among
patients with long-standing type 1 diabetes who took
allopurinol or placebo.””® However, data from another
study suggest that early intervention with urate-lowering
therapy in patients with better kidney function may have
a positive effect.””’

Reduction of Hypoxia

Considerable efforts have been made to limit hypoxia
during transplantation. Here, machine perfusion of
explanted organs holds the potential for improving trans-
plant outcome.’” The results from machine perfusion
studies are difficult to compare owing to differences in sev-
eral aspects of the protocol, such as perfusate temperature,
oxygenation, and pressure.’’*%* However, machine perfu-
sion seems to reduce DGF and overall graft survival com-
pared to static cold storage.’”>3%” The large multicenter
EVNP trial is currently investigating the efficacy of nor-
mothermic machine perfusion compared to cold storage
technique in kidney transplantation.’*®

Antioxidant Therapy

The strong association between oxidative stress and
IF/TA led to several studies investigating different anti-
oxidant drugs, including HIF targeted therapy.****'° In a
randomized controlled trial, the effect of human recom-
binant superoxide dismutase, given intravenously during
transplantation, showed a reduction of acute rejection
episodes.’!! The study further reported an increased 4-y
graft survival rate in treated patients to 74% compared to
52% in the control group.*!! Peroxisome proliferator-acti-
vated receptor-alpha (PPAR«) is involved in the regulation
of B-oxidation of fatty acid and has several antioxidant
effects.’> miR-21, a potential biomarker of IF/TA, medi-
ates downregulation of PPARa in mouse fibrosis model.*'
A study suggested that fenofibrate (a PPARa agonist) might
suppress fibrosis by ameliorating oxidative stress-induced
EMT, as assessed by reduced amount or expression of
reactive oxygen species, Snail, ST00A4, and vimentin, in a
rat kidney transplant model.*'*

N-acetylcysteine (NAC) is able to regenerate glutathione
stores and scavenges oxygen-free radicals.’’>*'® NAC
treatment for 7 d after transplantation reduced serum
levels of thiobarbituric acid reactive substances, a marker
of oxidative stress, and was associated with higher mean
of eGFR at 1 y after transplantation. Further, DGF and
dialysis were lower among the group receiving NAC.*'”
Similarly, patients receiving NAC from days 0 to 5 after
kidney transplantation reduced urine NGAL levels in1jury,
but NAC had no impact on early graft function.’'®*" In
contrast, a randomized control trial could not observe any
beneficial effect of NAC (2 single-dose i.v. administration
in brain dead donors) on eGFR, mortality, or 1-y kidney
graft survival of recipients.*"’

Sulforaphane is a natural Nrf2 activator derived from
cruciferous vegetables, which alleviates fibrosis in rat
renal allografts.**” However, Nrf2 activator bardoxolone
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methyl was terminated because of adverse cardiovas-
cular side effects in patients with diabetic nephropathy,
although it may preserve kidney function and delay onset
of kidney failure in this cohort.**! Other antioxidative
strategies using NOX1/4 inhibitor GKT137831/setan-
axib (NCT02010242) or ASK 1 inhibitor selonsertib (GS-
4997)3 did not attenuate progression of kidney fibrosis
in patients with CKD.*** A current phase 2 trial aims to
evaluate the efficacy and safety of NOX1/4 inhibitor in
adults with type 1 diabetes and persistently elevated uri-
nary albumin excretion over a period of 48 wk.>**3%°

A recent study showed that APP-103, a molecule that spe-
cifically inhibits production of ROS, has beneficial effects on
kidney function and allograft survival in rat renal transplant
model and ischemia-reperfusion injury model.**¢

Anti-TGF-g Therapy

In general, the pathogenic role of TGF-§ in CKD is well
established. However, besides its profibrotic effects, it also
has antifibrotic effects and various roles in tissue homeo-
stasis and regeneration, };reventing the therapeutic use of
TGF-B inhibitors so far.**”*** Bone morphogenic protein
(BMP) 7, a member of the TGF-f superfamily, acts as an
antagonist of TGF-§ signaling. A study showed that the
orally administered BMP7 agonist (THR-123), which acts
via the BMP receptor activin-like kinase 3, attenuates renal
fibrosis in mouse models.*** Clinical studies with an anti-
TGEF-B antibody (fresolimumab) in patients with steroid-
resistant focal and segmental glomerulosclerosis, as well
as in diabetic nephropathy, have not been successful so
far.*”%* Another activator of TGF-f signaling is throm-
bospondin-1, and inhibition of thrombospondin-1 resulted
in angiogenesis and reduction of fibrosis in mouse kidney
fibrosis models.>*

Urinary levels of Wnt/B-catenin modulator Dickkopf-3
predicted kidney function decline in patients with
CKD.*¢3% Binding of p-catenin to T cell factor (TCF)
promotes profibrotic pathways, including TGF-f/Smad,
integrin/ILK, and Wnt/B-catenin pathways.**® In contrast,
binding of B-catenin to Foxo, might induce regulatory T
cells, which are relevant to TGF-f’s anti-inflammatory and
antifibrotic function.****® A study showed that inhibiting
[-catenin/TCF interaction using ICG-001 reduced inflam-
mation and fibrosis in mouse kidney fibrosis models.>*!
Similarly, proximal tubular (-catenin activation requires
the presence of FoxO3 to have protective effects upon kid-
ney injury.*** A recent study showed in 240 transplanted
kidneys that the binding of 3-catenin to TCF1 rather than
FoxO1 in renal tubular cells was associated with a profi-
brotic response.>*® Overall, the preclinical data suggest
that Wnt/B-catenin is protective in AKI and may be medi-
ated by epithelial cells. In CKD, transcriptional signaling
partners such as TCF and location of Wnt/f-catenin sign-
aling in fibroblast might have detrimental effects.>**

Pirfenidone (PFD) is an antifibrotic, antioxidant, and
anti-inflammatory drug targeting TGF-f and tumor
necrosis factor-alpha, and is approved for IPF therapy.**
Potential beneficial effects for kidney fibrosis have been
described.>*** In a rat renal transplant model, intragas-
tric administration of PFD resulted in the alleviation of
inflammation and renal fibrosis.**° The phase 2 TOP-CKD
study is currently recruiting to assess the effects of PFD in
prevention of CKD progression (NCT04258397).
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PBI-4050, an orally antifibrotic compound, binds to free
fatty acid receptor 1 (GPR40) and GPR84%! to inhibit
TGF-f mediated fibrotic pathways. Indications being
pursued for PBI-4050 include Alstrom syndrome and idi-
opathic pulmonary fibrosis (IPF). Of note, the company
Liminal BioSciences might potentially initiate studies to
test PBI-4050 in the field of CKD.

Preclinical data revealed Integrin avf6, which is
involved in TGF-f activation, as a potential target in lung
and kidney fibrosis.*** However, a phase 2 study testing
an antibody against integrin avp6 (BG00011/STX-100) in
patients with IPF was stopped because of safety concerns
(NCT03573505).

RNAi Gene Therapy

Given that a number of miRNAs have been associ-
ated with IF/TA, sequence-specific small interfering RNA
(siRNA)-based gene therapy to eliminate specific mRNA
transcripts has been applied in the field of kidney trans-
plantation.**? Several preclinical kidney transplant studies
revealed a renogrotective effect of siRNA against caspase
3,33%355 TGE-B,%¢%%7 soluble fibrinogen-like protein 2,>*®
complement component C5A,359 C3,360 caspase 8,
CD40,%% inhibitor of nuclear factor kappa-B kinase subu-
nit beta,’®® RelB,**"*** Fas,*° SHARP-2,’% p53,366:3¢7
and tumor necrosis factor-alpha.*®® However, a number
of factors restricted the wide clinical use of siRNAs so
far, such as serious off-target effects, short half-life, and
tissue barriers.**” Nevertheless, the U.S. Food and Drug
Administration approved the first siRNA-based gene ther-
apy Onpattro (patisiran) in 2018 to treat a form of amy-
loidosis. In the field of kidney transplantation, a phase III
multicenter trial to evaluate the reduction of incidence and
severity of DGF by p53 siRNA has been completed; results
have been not reported yet (NCT02610296).

Diet

Adherence to a “healthy” diet is known to be associ-
ated with better kidney function and lower prevalence
of comorbidities in patients with CKD.>”%%7*> Marine n-3
fatty acids may exert beneficial effects on inflammation,
fibrosis, and endothelial function, which could preserve
renal graft function.’” Kidney transplant recipients receiv-
ing either marine n-3 fatty acids or olive oil for 44 wk had
similar renal function, but n-3 fatty acids lowered plasma
triglyceride and high-sensitivity C-reactive protein levels,
and improved endothelial function.’’* A similar phase 3
study is currently recruiting to investigate the effect of
marine omega-3 fatty acid supplementation on eGFR and
fibrosis in renal transplantation (NCT03018041).

CONCLUSION

Kidney fibrosis is not only the final common pathway
of virtually all progressive renal disease, but also highly
prevalent and a potent predictor of kidney allograft out-
come. Thus, it is not surprising that academic research
and industry have a longstanding interest in identification
of therapeutic targets and development of targeted thera-
peutics in fibrosis. The prediction of allograft survival
remains difficult, but combination of clinical, biomarker,
and pathology data together with artificial intelligence
will likely improve diagnostic precision and therapeutic
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guidance. So far, many potential antifibrotic pathways
have been identified, but yet no specific antifibrotic drug
has been approved in the kidney. The complexity of renal
fibrosis makes drug designing challenging as many path-
ways overlap and compensate for each other. Further, the
same molecule may have beneficial effects in the acute set-
ting or in some renal cell types, but deleterious effects in
sustained injury or when expressed in other cells such as
myofibroblasts. Blocking several downstream pathways
might quite effectively reduce accumulation of extracellu-
lar matrix, but could cause systemic toxicity. In addition,
it remains unclear whether inhibition of matrix deposition
without limiting tubule injury or inflammation is meaning-
ful. Thus, kidney-speciﬁc or even kidney epithelial-specific
drug targeting®”> """ might open the possibility to interrupt
the maladaptive crosstalk between cells more effectively.
Furthermore, a combination of an antifibrotic myofibro-
blast targeted intervention combined with an anti-inflam-
matory and/or tubule epithelial protective treatment might
be promising. Further studies are needed to establish such
a combined therapy or identify specific antifibrotic targets.
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