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Abstract

Chronic kidney disease (CKD) is a major public health issue. At the histological level, renal
fibrosis is the final common pathway of progressive kidney disease irrespective of the initial
injury. Considerable evidence now indicates that renal inflammation plays a central role in the
initiation and progression of CKD. Some of the inflammatory signaling molecules involved in
CKD include: monocyte chemoattractant protein-1 (MCP-1), bradykinin B4 receptor (B1R),
nuclear factor xB (NF-xB), tumor necrosis factor-a (TNFa), transforming growth factor g (TGF-
B), and platelet-derived growth factor (PDGF). Multiple antifibrotic factors, such as interleukin-10
(IL-10), interferon-y (IFN-vy), bone morphogenetic protein-7 (BMP-7), hepatocyte growth factor
(HGF) are also downregulated in CKD. Therefore, restoration of the proper balance between pro-
and antifibrotic signaling pathways could serve as a guiding principle for the design of new
antifibrotic strategies that simultaneously target many pathways. The purpose of this review is to
summarize the existing body of knowledge regarding activation of cytokine pathways and
infiltration of inflammatory cells as a starting point for developing novel antifibrotic therapies to
prevent progression of CKD.
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1. Introduction

Chronic kidney disease (CKD has emerged as a world-wide public health issue (Hallan et
al., 2016; Murphy et al., 2016; Shin and Kang, 2016). The prevalence of CKD is estimated
to be 8-16% worldwide, and CKD is the third highest cause of premature mortality (82%),
behind AIDS and diabetes mellitus (Decleves and Sharma, 2014; Jha et al., 2013). Renal
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fibrosis is the final common outcome of progressive kidney disease regardless of initial
injury (Khwaja et al., 2007; Liu, 2011; Yu et al., 2016). Understanding the mechanisms
behind renal fibrosis is essential for developing therapies to prevent or reverse this process
and slow the progression of CKD. Considerable evidence now indicates that inflammation
plays a critical role in the initiation and progression of renal fibrosis. In the case of acute
kidney injury (AKI), transient renal ischemia may trigger similar responses to those in CKD,
including increased release of cytokines, infiltration of inflammatory cells, epithelial to
mesenchymal transformation (EMT), and fibroblast activation. The initial tubular injury is
eventually repaired viatubular regeneration and matrix remodeling. However, if the initial
fibrogenic processes are not fully resolved, they are often reactivated later in life by
hypertension, diabetes, or activation of the immune system. The fibrogenic signal not only
stimulates activation of fibroblasts but also initiates tubular EMT, a critical event that leads
to renal fibrosis and CKD (Liu, 2006). The purpose of this review is to highlight recent
studies on the role of immune cells or system and cytokines in renal fibrosis as the basis for
the development of novel therapies (Table 1).

2. Chemokines and Inflammatory Cells

Sterile inflammation, which is defined as inflammation in the absence of infectious agents or
specific immunogens, has a prominent role in initiating renal fibrosis (Anders et al., 2004;
Duffield, 2014; Kurts et al., 2013; Lopez-de la Mora et al., 2015; Tampe and Zeisberg,
2014). During this process, leukocytes and fibrogenic cells are recruited to the glomerulus
and renal interstitium. Together with activation of resident kidney immune cells, this
recruitment leads to increased production of pro-inflammatory cytokines. The gradient of
chemotactic cytokines, chemokines, further drives infiltration of monocytes/macrophages, T
cells, and B cells to the injured site. Chemokines are also mediators of angiogenesis,
fibroblast recruitment, and EMT. Of the currently known 47 chemokines and 20 chemokine
receptors, the chemokine (C-C motif) ligand 2 (CCL2) — C-C chemokine receptor type 2
(CCR2) axis is the most studied therapeutic target in renal fibrosis. CCL2, also known as
monocyte chemoattractant protein-1 (MCP-1), is released by tubular epithelial cells after
renal injury, prompting the influx of CCR2-positive monocytes, T cells, dendritic cells, and
fibrocytes (Tampe and Zeisberg, 2014; Wang et al., 2000). Monocytes differentiate into M1
or M2 macrophages. M1 macrophages produce pro-inflammatory cytokines, such as TNFa,
IL-1B, IL-6, and CCL2. M2 macrophages are involved in wound healing and tissue repai.
They produce TGF-B and anti-inflammatory cytokines, such as IL-10. CCL2 has also been
shown to induce TGF-B1 production by macrophages and mesangial cells, and TGF-p1
feedbacks to stimulate expression of CCL2 in mesangial cells (Cheng et al., 2005).
Increased renal production of CCL2 is associated with glomerular macrophage infiltration
and increased collagen expression in various models of diabetic nephropathy, including
streptozotocin-induced nephropathy and type 2 diabetes in db/db mice (Lee et al., 2015).
CCR2 knockout in mice or blockade of its actions with antagonists, reduced renal fibrosis,
TGF-p expression, and macrophage accumulation in different models of renal injury,
including the db/db mouse, transgenics overexpressing type 2 nitric-oxide synthase, diet-
induced obesity, and the unilateral ureteral obstruction (UUO) mouse model (Chow et al.,
2007; Kanamori et al., 2007; Kang et al., 2010; Kitagawa et al., 2004; Sullivan et al., 2013).
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A recent clinical trial found that CX140-B (Table 1), an antagonist of CCR2, has renal
protective effects in patients with type 2 diabetic nephropathy when added on top of current
standard of care (de Zeeuw et al., 2015). CCR1, whose ligands include CCL3 (MIP 1-alpha),
CCL5 (RANTES), CCL7 (MCP-3), and CCL23, is also critical in recruiting leukocytes to
sites of inflammation. Targeting CCR1 with the small-molecule antagonist, BX471 (Table 1)
reduced renal inflammation and interstitial fibrosis in several murine models of nephropathy,
including adriamycin nephropathy, lupus nephritis, and UUO (Anders et al., 2004; Anders et
al., 2002; Vielhauer et al., 2004).

Klein and colleagues observed an association between inflammation and expression of
bradykinin B4 receptor (B4R) in the glomerulus and renal interstitium of patients with
various forms of glomerulonephritis, including ANCA-associated vasculitis and Henoch-
Schonlein purpura nephropathy (Klein et al., 2010). B1R expression is also upregulated in
the UUO and nephrotoxic serum-induced models of renal injury (Klein et al., 2010; Klein et
al., 2009; Wang et al., 2009). Treatment with a B1R antagonist, ssR240612 (Table 1), was
found to block macrophage infiltration, leading to a reversal of renal fibrosis in rodent
models of UUO and serum nephritis. Bone marrow transplant studies, as well as /in vitro
studies on renal tubular cells, demonstrated that the antifibrotic effect of B4R blockade
involves in part, a direct effect on resident renal immune cells by inhibiting chemokine
CCL2 and CCL7 expression. These findings suggest that blocking B1R has potential as an
antifibrotic target (Klein et al., 2010; Klein et al., 2009).

Han and colleagues investigated B cell function in tubulointerstitial fibrosis induced by
UUO using both genetic B cell-deficient and CD20 antibody-mediated B cell-depleted mice
(Han et al., 2016). They found that obstructed kidneys of both had less monocyte/
macrophage infiltration and collagen deposition. Additionally, B cell depletion attenuated
UUO-induced increases in the renal expression of genes involved in inflammation and
monocyte recruitment, viz., TNFa, vascular cell adhesion molecule 1 (VCAM-1), and
CCL2. B cells are a major source of CCL2 and the reduction in CCL2 attenuated monocyte/
macrophage influx and fibrotic changes after UUO (Han et al., 2016). Thus, B cells also
seem to be a potential target for preventing renal fibrosis.

Various proteins and autacoids help resolve inflammation by dampening the recruitment of
leukocytes and causing a transition from the M1 to M2 immune cell phenotype. Among
these factors, annexin Al (AnxAl), aka lipocortin-1, has received much interest (Locatelli et
al., 2014). Endogenous AnxA1 regulates epithelial cell repair and opposes lung fibrosis
(Locatelli et al., 2014; Trentin et al., 2015). By interacting with the N-formyl peptide
receptor 2/lipoxin A4 receptor (FPR2/ALX), AnxAl downregulates the production of pro-
inflammatory mediators, reduces neutrophil migration to inflammation sites, and promotes
clearance of apoptotic granulocytes (Locatelli et al., 2014). Neymeyer and colleagues
investigated the AnxA1/FPR2 axis in the ARAnp rat model of hypertensive nephropathy
induced by treating rats with an angiotensin 11 (Angll) type 1 receptor blocker during the
nephrogenic period (Neymeyer et al., 2015). AnxAl and FPR2 levels increased in the renal
interstitium of ARAnNp rats along with fibroblasts and macrophages. Murine AnxAl
knockout mouse fibroblasts exhibited higher a-SMA and Collal mRNA levels than
controls. Treatment of murine wild-type fibroblasts with TGF-p increased expression of a.-
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SMA and Collal, and these increases were reduced by AnxAl overexpression. Treatment of
human fibroblasts with the FPR2 inhibitor WRW4 further demonstrated the anti-fibrotic
actions of AnxAl.

The process of renal fibrosis involves complex interactions between many intracellular
signaling pathways. Myofibroblasts are activated by multiple means, including autocrine
factors and paracrine signals from immune cells (Wynn, 2008). Besides CCL 2, additional
regulators of renal fibrosis have been identified. These factors have been divided into
profibrotic and antifibrotic factors and are summarized in Fig. 1 and discussed below.

3. Profibrotic Cytokines

3.1. Tumor necrosis factor-a

TNFa is produced by many cells, including macrophages, mesangial cells, and renal tubular
epithelial cells (Lee et al., 2015). It stimulates the release of interleukin-1f, CCL2, and
TGF-p1, and has a prominent role in glomerular inflammation and fibrosis (ldasiak-
Piechocka et al., 2010). Elevated TNF-a. levels have been reported in patients with various
kidney disease (Carlos et al., 2014; Moriwaki et al., 2007; Omote et al., 2014; Santana et al.,
2013). In addition, TNFa inhibition with infliximab or etanercept decreases albuminuria and
slows progression of CKD in various animal models (Table 1) (Quiroga et al., 2015).

TNFa'’s actions are mediated by TNF receptor 1 (TNFR1) and TNF receptor 2 (TNFR2)
(Oh et al., 2015). Expression of both receptors and their shedding from the cell membrane
are increased in several kidney diseases (Idasiak-Piechocka et al., 2010). Soluble TNFRs
may attenuate inflammation by neutralizing free TNFa and thus may be a potential
antifibrotic therapy in CKD (ldasiak-Piechocka et al., 2010). The FONT (Novel Therapies
for Resistant FSGS) Phase Il clinical trial (NCT00814255) evaluated an anti-TNF-a
monoclonal antibody as an anti-fibrotic agent in patients with primary focal segmental
glomerulosclerosis (FSGS). Unfortunately, recruitment fell short of enrollment goals (Lee et
al., 2015; Trachtman et al., 2015) (Table 1).

Pegylated forms of soluble TNFR1, which reduce blood pressure, albuminuria, and renal
inflammation and fibrosis in rats with reduced renal mass CKD, appear to be another
promising approach (Therrien et al., 2012) (Table 1). The beneficial effects in this model
were associated with reduced renal NF-xB activation, and production of TGF-p1 and
endothelin-1 (ET-1). Lastly, CD40, a member of the TNF receptor superfamily, is linked to
the progression of ischemic renal injury (Haller et al., 2016). Haller and colleagues further
reported that knockout of CD40 in Dahl S rats reduced proteinuria and renal fibrosis
following the development of hypertension.

3.2. TWEAK

Tumor necrosis factor-like weak inducer of apoptosis (TWEAK) promotes tubular cell injury
and renal inflammation. TWEAK contributes to renal fibrosis in several ways, including
stimulating fibroblast proliferation or their differentiation into ECM producing
myofibroblasts, stimulating the formation of pro-inflammatory mediators by tubular cells,
downregulating the antifibrotic molecule Klotho in tubular cells, and via actions on other
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cell types including, pericytes and podocytes (Gomez et al., 2016; Ruiz-Ortega et al., 2014;
Sanchez-Nino et al., 2013). TWEAK activates the fibroblast growth factor-inducible
molecule 14 (Fn14) receptor (Dhruv et al., 2013). Expression levels of TWEAK and Fn14
increased in animal models of renal fibrosis induced by UUO or administration of anti-
glomerular basement membrane (anti-GBM) antibody (Poveda et al., 2013). TWEAK
induces inflammatory chemokine production by renal fibroblasts via NF-xB and fibroblast
proliferation via Ras/ERK signaling (Ucero et al., 2013). Overexpression of TWEAK
induces kidney inflammation and fibrosis (Ucero et al., 2013). In contrast, TWEAK
deficient mice exhibited decreased renal fibrosis after UUO. Experiments targeting the
TWEAK-Fn14 pathway with anti-Fn14 blocking antibody or anti-TWEAK neutralizing
antibody show renoprotective effects in different models of kidney disease (Table 1) (Gomez
et al., 2016; Hotta et al., 2011; Izquierdo et al., 2012; Xia et al., 2012; Zhao et al., 2007). A
trail of BIIB023, an anti-TWEAK neutralizing antibody, showed that it is well tolerated in
humans (Michaelson et al., 2012). Unfortunately, a phase Il trial (NCT01499355) testing
whether B11B023 has renoprotective effects in lupus nephritis patients failed to demonstrate
sufficient efficacy and was terminated.

3.3. TGF-B signal pathway

TGF-B stimulates mesangial cells, interstitial fibroblasts, and tubular epithelial cells to
become matrix-producing fibrogenic cells (Liu, 2006). TGF-p signaling is also a nodal point
integrating the fibrogenic actions of many factors, such as Angll, high glucose, and
connective tissue growth factor (CTGF). These factors act as either upstream inducers of
TGF-p or as its downstream effectors (Liu, 2006; Trionfini et al., 2015). For example,
perturbed glomerular hemodynamics activates both the renin-angiotensin-aldosterone system
(RAAS) and TGF-B. RAAS induces further production of TGF-p and plasminogen activator
inhibitor causing rapid accumulation of extracellular matrix (ECM). The protective effect of
RAAS inhibition in various models of kidney disease also correlates with suppression of
TGF-B production (Border and Noble, 1998).

The interactions between TGF-B and newly described protective RAAS members, such as
ACE2, Ang(1-7), and Mas, has also been observed. In rat kidney epithelial cells, TGF-p1
decreases ACE2 and Ang(1-7) formation from Angll, as well as Mas (Chou et al., 2013).
Ang-(1-7) viathe Mas receptor, can attenuate TGF-p1-induced expression of fibronectin
(Chou et al., 2013). Deletion of ACE2 increased the Angll/Ang(1-7) ratio in the kidney and
enhanced renal fibrosis in a UUO model of nephropathy (Liu et al., 2012c). Liu and
colleagues concluded that enhanced Angll-mediated TGF-p/Smad and NF-xB signaling
might explain why the loss of ACE2 enhances renal fibrosis and inflammation (Liu et al.,
2012c). TGF-B1 also can induce Fn14 expression in fibroblasts, and cooperate with the
TWEAK-Fn14 pathway to promote fibroblast proliferation (Ucero et al., 2013).

TGF-B acts through its cell membrane type | and type Il serine/threonine kinase receptors
(TGFBR1 and TGFPBR2) and intracellular Smad (similar to mothers against decapentaplegic)
proteins. Inhibitory Smad (I-SMAD) Smad7 inhibits this pathway by blocking
phosphorylation of the receptor-regulated Smads (R-SMAD), Smad2 and Smad3, promoting
the degradation of the receptor complexes. Thus, Smad7 blocks TGF-p/Smad-dependent
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fibrosis (Trionfini et al., 2015). Smad signaling is also constrained by a family of proteins
known as Smad transcriptional corepressors, which include SnoN, Ski, and TGIF. These
factors limit Smad-mediated gene transcription (Liu, 2006). SnoN and Ski are reduced in the
fibrotic kidney, suggesting that their loss amplifies TGF- signaling (Liu, 2006).

Therapeutic approaches based on inhibiting TGF-p/Smad signaling have been reported to
reduce renal injury and fibrosis in many disease models, whereas overexpressing TGF-p1
induces renal fibrosis (Ai et al., 2015; Border and Noble, 1998; Chuang et al., 2014;
Decleves and Sharma, 2014; Delle et al., 2012; Doi et al., 2011; Hu et al., 2013; Hu et al.,
2016; Kania et al., 2013; Lee et al., 2015; Liu et al., 2015; Malaga-Dieguez et al., 2015;
Meng et al., 2016; Morinaga et al., 2013; Neyra and Hu, 2016; Soler et al., 2012; Tampe and
Zeisberg, 2014; Wang et al., 2011; Williams et al., 2013; Zhang et al., 2016; Zununi Vahed
et al., 2013). Results of a phase | clinical trial suggested that fresolimumab, an anti-TGF-p1
antibody, is well-tolerated in patients with primary resistant FSGS. However, a phase 11
study (NCT01113801) assessing the utility of the anti-TGF-p1 antibody, LY2382770, in
treating diabetic nephropathy was terminated due to lack of efficacy (Table 1). Alternatively,
a number of active components of traditional Chinese medicine have been demonstrated to
have renoprotective effects by inhibiting TGF-p/Smad signaling, including amygdalin,
curcumin, GQ5, lingzhilactones, rhein, and danshensu (Ai et al., 2015; Gaedeke et al., 2004;
Guan et al., 2015; Guo et al., 2013; Soetikno et al., 2013; Tapia et al., 2016; Yan et al.,
2015).

Excessive TGF-B1 activity leads to fibrosis, but blocking TGF-B1 may not be wise due to its
pleiotropic actions (Lee et al., 2015). For example, while inhibiting TGF-p attenuates the
progression of advanced-stage tumors and metastases, it may also induce the formation of
new cancers (Tampe and Zeisberg, 2014). A growing body of evidence demonstrates that
TGF-B1 enhances wound repair and tissue regeneration, and has anti-inflammatory actions.
Thus, effects of TGF-B activation in renal injury may be protective or harmful depending on
timing and disease context. Therapeutic strategies targeting the downstream effectors of
TGF-B, such as Smad3, Smad4, Smad7, Yes-associated protein (YAP1), or the
transcriptional coactivator with a PDZ-binding motif, TAZ (Decleves and Sharma, 2014;
Kok et al., 2014; Lee et al., 2015; Nitta et al., 2016; Szeto et al., 2016) may be a better
approach.

TGF-B1 can also induce renal fibrosis via non-canonical (non-Smad) signaling. Some drugs
act on both canonical and noncanonical TGF-p signaling pathways. For example, suramin
decreased TGFBR2 expression, activation of EGF and PDGF receptors, activation of STAT3
and ERK1/2, inflammation, fibrosis, and tissue damage in either the UUO or remnant kidney
models (Liu et al., 2012b; Liu et al., 2011a; Liu et al., 2011b) (Table 1).

3.4. Interleukin-33

IL-33 is released from cells during necrosis or by various stresses. This “alarmin” then
activates the ST2 receptor on neighboring cells and various immune cells to trigger innate
and adaptive immune responses. A soluble form of ST2 (sST2) acts as a decoy receptor. For
the most part, 1L-33 is thought to sustain an inflammatory response, and emerging evidence
indicates that IL-33 plays an important role in contributing to kidney injury and fibrosis.
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Serum IL-33 and sST2 levels were reported to be positively associated with cardiovascular
events, vascular injury, and mortality in CKD patients (Gungor et al., 2017). Circulating
IL-33 levels are also positively associated with greater risk of adverse cardiovascular events
in renal transplant recipients (Mansell et al., 2015). In the mouse, expression levels of IL-33
were found to be increased with renal injury induced by UUOQ, principally in interstitial
myofibroblasts (Chen et al., 2016). Genetic deletion of IL-33 attenuated UUO-induced renal
fibrosis and increased the number of proliferating tubular epithelial cells, indicating that
IL-33 promotes tubular cell injury and renal interstitial fibrosis in a UUO animal model.
Similarly, IL-33 treatment exacerbated renal fibrosis in a mouse model of ischemia-
reperfusion injury, whereas administrating sST2 reduced renal dysfunction and fibrosis,
which was associated with reduced inflammatory cell infiltration, myeloid fibroblast
accumulation, and expression of pro-inflammatory cytokines and chemokines (Liang et al.,
2017). There are several reports that IL-33 contributes to early-stage renal injury in other
models of acute renal injury (ovalbumin or cisplatin-induced) (Akcay et al., 2011; Park et
al., 2016), as well as contrast-induced nephropathy in diabetic kidney disease (Demirtas et
al., 2016). On the other hand, recent studies provide evidence that IL-33-mediated
engagement of ST2 receptors selectively on CD4*Foxp3* regulatory T cells (Tregs) or group
2 innate lymphoid cells (ILC2s) protects the kidney from ischemia/reperfusion injury
(Riedel et al., 2017; Stremska et al., 2017).

4. Fibrotic Growth Factors and ECM Proteins

4.1. Connective tissue growth factor (CTGF)

Matricellular protein CTGF is a direct downstream early response gene of TGF-p (Lee et
al., 2015). Its expression is increased in various human and animal models of kidney
fibrosis, including diabetic nephropathy, crescentic glomerulonephritis, and hypertensive
nephrosclerosis. CTGF is secreted by fibroblasts and binds TGF-B1, thereby potentiating its
signaling. This interaction leads to activation of myofibroblasts and extracellular
accumulation of fibronectin to promote tissue fibrosis. CTGF also enhances TGF-p1
signaling by binding tyrosine receptor kinase A (TrkA), leading to induction of the
transcription factor TGF-p-inducible early gene (TIEG)-1, which in turn represses
expression of inhibitory Smad7 (Wahab et al., 2005). CTGF also binds bone morphogenetic
protein 7 (BMP-7), thereby inhibiting its renoprotective effects (Nguyen et al., 2008). CTGF
binds other growth factors (e.g., IGF-1, EGF, VEGF) as well to modify their function (Lee et
al., 2015).

Inhibiting CTGF with antisense oligonucleotides, small interfering RNA, or neutralizing
antibodies has been reported to reduce fibrosis in experimental models of kidney disease
(Lee et al., 2015). The results of a phase I trial of FG-3019, an anti-CTGF antibody,
demonstrated that this agent reduced albuminuria in patients with diabetic nephropathy. A
further phase | trial of FG-3019 in patients with steroid-resistant FSGS (NCT00782561) was
terminated and a phase Il trial in patients with diabetic kidney disease (NCT00913393) was
also terminated due to suboptimal study design (Decleves and Sharma, 2014) (Table 1).

Chronic allograft nephropathy (CAN) remains a potential complication for transplant
recipients. Liu and colleagues found that replacement of cyclosporine A with rapamycin
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improved long-term graft survival in human CAN (Liu et al., 2007). Protective effects of
rapamycin were associated with reduced CTGF expression, which would explain its
antifibrotic and antiproliferative actions (Liu et al., 2007). However, in a phase 11, open-label
clinical trial, Cho and colleagues reported that rapamycin is associated with nephrotoxicity
in some patients with FSGS, particularly those with prolonged disease duration and prior
cyclosporine therapy (Cho et al., 2007a).

4.2. Epidermal growth factor (EGF) family

EGFR (aka HER1 or erbB-1) is a member of a family of four transmembrane tyrosine kinase
receptors also including erbB-2 (proto-oncogene Neu or HER2), erbB-3 (HER3), and erbB-4
(HER4) (Schlessinger, 2002). Ligand binding causes these receptors to heterodimerize,
which causes autophosphorylation that increases kinase activity responsible for the
phosphorylation of downstream mediators (Holbro and Hynes, 2004). EGFR’s major ligands
are EGF, heparin-binding EGF-like growth factor (HB-EGF), and TGF-a. These factors are
initially membrane-bound and inactive but are released by proteolytic cleavage by
metalloproteinases (Huovila et al., 2005). Increased expression of both HB-EGF and TGF-a
is associated with renal pathophysiology. EGFR can also be transactivated indirectly by
Angll via Src kinase-mediated activation of the membrane sheddase ADAML17. The release
of its ligands from the cell surface initiates fibrotic (collagen, CFGF, TGF-B), inflammatory
(COX2, IL-6, IL-1p, TNF-a.), apoptosis, and oxidative stress pathways (Qian et al., 2016;
Rayego-Mateos et al., 2013; Skibba et al., 2016). Angll can increase renal expression of
TGF-a, as well as its release from the membrane, thereby activating EGFR signaling, which
is believed to be largely responsible for its fibrotic effects (Lautrette et al., 2005).

Preclinical studies on waved-2 (Wa-2) mice support the benefit of targeting EGFR for
antifibrotic therapy in progressive CKD. These mice have a 90% reduction in EGFR
signaling because of a point mutation that inhibits tyrosine kinase activity. The Wa-2
mutation reduced ECM deposition and myofibroblast proliferation in the UUO model of
obstructive nephropathy (Liu et al., 2012a) and a model of chronic renal ischemia (Tang et
al., 2013). In addition, limiting EGFR activation by inhibiting its tyrosine kinase activity
using erlotinib or gefitinib, or by transgenic silencing, leads to reduced fibrosis in various
animal models (Kok et al., 2014). Targeting EGFR ligands by HB-EGF knockdown or TGF-
a deletion is also renoprotective in different mouse models of renal injury. Thus, targeting
the EGFR axis in kidney disease may be achieved by multiple routes with comparable
results (Kok et al., 2014). However, in acute kidney injuries, such as folic-acid-induced
nephrotoxicity and ischemia-reperfusion, EGFR inhibition with a tyrosine kinase inhibitor
prolonged recovery time (Chen et al., 2012; He et al., 2013). Regeneration was also impaired
in Wa-2 mice in the acute post-ischemic phase (Tang et al., 2013; Wang et al., 2003). These
observations suggest that EGFR activation is beneficial during the very early phase of renal
injury (Kok et al., 2014), which is evidenced by a patient with lung cancer in whom gefitinib
treatment was associated with development of interstitial fibrosis and impaired regeneration
of renal epithelial cells (Masutani et al., 2008).
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4.3. Platelet-derived growth factor (PDGF)

The PDGFs are formed by disulfide-linked homo- and heterodimeric glycoproteins (PDGF-
AA, -AB, -BB, -CC, and -DD) and are key factors in driving renal fibrosis, independent of
the underlying disease (Kok et al., 2014). PDGF promotes proliferation and recruitment of
mesenchymal cells, including fibroblasts, mesangial cells, pericytes, and smooth muscle
cells, and induces pericyte-myofibroblast transition (Boor et al., 2014). PDGF receptors
(PDGFRs) are constituted by a or  transmembrane proteins. The a- and -p chains
homodimerize upon ligand-binding and undergo transautophosphorylation and activation via
tyrosine kinase activity. PDGFRa binds PDGF-AA, PDGF-BB, and PDGF-AB; PDGFRf
binds PDGF-BB and PDGF-AB. Increased renal expression of all PDGF isoforms and
receptors occurs in nearly all rodent models of kidney disease and corresponding human
renal disease (Ostendorf et al., 2014).

PDGF-A expression in mesangial cells is upregulated in models of mesangioproliferative
glomerulonephritis (i.e., “glomerular fibrosis™), and PDGF-A chain antisense
oligonucleotides attenuated kidney damage in stroke-prone spontaneously hypertensive rats.
PDGF-B and -D are key in activating mesangial matrix expansion and development of
glomerulosclerosis. PDGF-BB induces renal tubulointerstitial cell proliferation,
myofibroblast formation, and fibrosis in the rat, while blockade of PDGFRp signaling
reduced mesangial cell proliferation and matrix accumulation in the rat anti-Thy 1.1 model
of mesangioproliferative glomerulonephritis. PDGF-C is upregulated by interstitial cells and
macrophages near areas of tubulointerstitial fibrosis with enhanced PDGFRa expression by
smooth muscle cells and myofibroblasts. In the mouse model of UUO-induced renal fibrosis,
antibodies against PDGF-C or genetic knockout of PDGF-C attenuated tubulointerstitial
fibrosis and myofibroblast activation (Ostendorf et al., 2014). The available drug imatinib
inhibits PDGFR tyrosine kinase activity and attenuates renal fibrosis in different animal
models of renal disease (Table 1) (Kok et al., 2014). PDGF-related side-effects could involve
defective wound-healing, myelosuppression, fluid retention and cardiovascular and bone
toxicity (Boor et al., 2014). While PDGF-B blockade is beneficial in most models of renal
disease (Ostendorf et al., 2014), the nonspecific PDGF antagonist trapidil increased acute
kidney injury after ischemia/reperfusion injury (Takikita-Suzuki et al., 2003). Evidence
indicated that PDGF-B/PDGFRp is important for tubular regeneration in this situation.

Pirfenidone inhibits PDGF, as well as TGF-p and TNFa by unknown means (Cho and Kopp,
2010; Decleves and Sharma, 2014; Hewitson et al., 2001; Lopez-de la Mora et al., 2015).
Pirfenidone reduces ECM accumulation and inflammatory cell infiltration in animal models
of CKD (Chen et al., 2013). In a small clinical trial on patients with focal segmental
glomerulosclerosis, pirfenidone slowed the decline in estimated glomerular filtration rate
(eGFR) but did not affect proteinuria (Table 1) (Cho et al., 2007b). Pirfenidone also
prevented the decline in eGFR in a randomized, double-blind, placebo-controlled study of
77 subjects with diabetic nephropathy, although baseline plasma biomarkers of inflammation
and fibrosis that correlated with baseline eGFR, such as TNFa, soluble TNFa receptor, and
fibroblast growth factor 23, did not predict responsiveness to pirfenidone treatment (Sharma
et al., 2011). Larger scale clinical trials are needed to better understand long-term efficacy
and safety of this medication in various patient populations.
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5. Intracellular Signaling Molecules Linked to Fibrosis

5.1. Mammalian target of rapamycin (MTOR)

5.2. NF-xB

Serine-threonine protein kinase mammalian target of rapamycin (nTOR) serves as an
intracellular nutrient sensor controlling protein synthesis, metabolism, and cell growth, and
is activated in patients with diabetic nephropathy. There are two mTOR complexes,
mTORC1 and mTORC?2, and rapamycin exhibits some selectively for mTORC1. Rapamycin
inhibits fibrosis, interstitial inflammation, and the loss of renal function observed in various
animal models of CKD (Falke et al., 2015). Subcapsular delivery of rapamycin in the rat
UUO model decreased renal fibrosis and accumulation of interstitial myofibroblasts,
indicating a role for mTORC1 (Falke et al., 2015). However, rapamycin and other mMTOR
inhibitors have many adverse side effects, which likely explains the high attrition rate in
clinical trials (Falke et al., 2015). Moreover, mTOR knockout in podocytes contributes to
renal disease, and in some patients rapamycin worsens proteinuria, restricting its therapeutic
potential for diabetic nephropathy (Decleves and Sharma, 2014). Targeted delivery of mTOR
inhibitors to the kidney to avoid adverse events have focused on nanomedicines,
microspheres, conjugates, and self-assembling hydrogels that accumulate in specific kidney
cell types (Falke et al., 2015). Rapamycin, a hydrophobic compound that is formulated
efficiently in polymeric devices, has proven utility in drug-eluting stents in preventing
restenosis. Falke and colleagues demonstrated that subcapsular delivery of rapamycin-
loaded microspheres could inhibit inflammatory and fibrotic responses in the kidney while
limiting systemic adverse reactions (Falke et al., 2015).

NF-xB (nuclear factor kappa-light-chain-enhancer of activated B cells) activates a large
number of pro-inflammatory genes. Therefore, it is an attractive therapeutic target for
attenuating the inflammatory processes involved in CKD (Poveda et al., 2013). Treatment
with pyrrolidine dithiocarbamate (PDTC), an inhibitor of NF-xB, attenuated renal injury and
renal inflammation in different animal models of CKD, such as gentamicin-treated rats
(Volpini et al., 2004), 5/6 nephrectomy rats (Fujihara et al., 2007), and aldosterone and salt-
induced renal disease in rats (Ding et al., 2012). These findings reinforce the conclusion that
NF-xB has a pivotal role in the progression of chronic renal inflammation.

Mycophenolic acid (MPA) is a non-competitive inhibitor of inosine monophosphate
dehydrogenase (IMPDH). Its ester prodrug mycophenolate mofetil (MMF) strongly inhibits
proliferation of T- and B-lymphocytes and is used for preventing acute and chronic allograft
rejection (Table 1). Recent evidence suggests that MMF also inhibits proliferation of non-
immune cells, including fibroblasts. Djamali and colleagues reported that MPA inhibited
activation of NF-xB, Nox-2, and Smad2, and expression of a-SMA during TGF-B1-induced
EMT of NRK52E cells (Djamali et al., 2010). They suggested that MPA delays allograft
fibrosis by inhibiting TGF-p1-induced activation of Nox-2 by NF-xB. Thus, MPA may be a
potential inhibitor of NF-xB signaling in patients with renal fibrosis. Nakanishi and
colleagues compared the antifibrotic effects of BMS-566419, a chemically synthesized
IMPDH inhibitor, to MMF in the UUO rat model of renal fibrosis (Nakanishi et al., 2010).
The results suggested that BMS-566419 and similar inhibitors have beneficial effects
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equivalent to MMF, and are potential therapeutic candidates for fibrotic renal disease
(Mihovilovic et al., 2014; Morath et al., 2006; Nakanishi et al., 2010). Lastly, the active
components of several traditional Chinese medicines with renal protective effects, such as
celastrol, rhein, and danshensu, inhibit the NF-xB pathway (Guan et al., 2015; Kim et al.,
2013).

5.3. Other transcription factors

Kruppel-like factor 6 (KLF6) is a transcription factor and tumor suppressor, and specificity
protein 1 (Spl) is a well-studied member of the Krippel-like family (Botella et al., 2009).
Regulation of gene expression often occurs through cooperation of KLF6 and Sp1 by their
direct physical interaction. Example genes include TGF-B, its receptors (type | and 11),
endoglin (a TGF-p auxiliary receptor), and the ECM component collagen type I, as well as
UPA (urokinase plasminogen activator), which activates latent TGF-f. In vascular injury and
inflammation, TGF-p is induced through KLF6-Sp1 interaction. Intracellular signals of the
TGF-p ligands are transduced by the Smad proteins, and KLF6-Sp1 co-operation in
regulating transcription of endoglin and certain other TGF- target genes is further enhanced
by the formation of a tripartite KLF6-Sp1-Smad3 complex (Botella et al., 2009). Sung and
colleagues investigated the effects of a Smad decoy oligodeoxynucleotides (ODN), a Spl
decoy ODN, and a chimeric decoy ODN containing both Smad and Sp1 binding sequences
in one molecule, in UUO-induced renal fibrosis in mice (Sung et al., 2013). Expression of
inflammatory-related cytokines and products of fibrosis were ameliorated by the decoy
ODNSs compared to a scrambled ODN. EMT was also suppressed. The chimeric decoy ODN
had a greater inhibitory effect on fibrosis and EMT compared with the use of a single decoy
ODN (Sung et al., 2013).

CCAAT-enhancer-binding protein delta (C/EBPS) is known for its role in inflammation and
cellular apoptosis or proliferation. During early stages of anti-Thy1.1 glomerulonephritis, C/
EBPS is induced and contributes to induction of inflammatory genes and proliferation of
mesangial cells (Miyoshi et al., 2007). Based on rodent models of mesangial proliferative
glomerulonephritis, C/EBPS also has a key role in myofibroblast transdifferentiation, while
delaying renal functional deterioration (Takeji et al., 2004) Unexpectedly, C/EBP&
deficiency resulted in greater fibrosis in the UUO model with enhanced tubular injury and
expression of TGF-B (Duitman et al., 2014). The authors proposed that C/EBPS is important
in preventing vascular barrier disruption, thereby limiting interstitial fibrosis.

The prototypic cold-shock protein family member, Y-box protein-1 (YB-1) is a key regulator
of several fibrosis-related genes. With ureteral obstruction, Yb1*/~ mice with reduced YB-1
expression showed attenuated tubular injury, immune cell infiltration, and renal fibrosis.
Cytoplasmic and perinuclear YB-1 levels were increased following UUQO especially in
dilated tubules, while glomerular YB-1 remained localized to the nucleus. The increased
renal YB-1 was not phosphorylated at Ser102, known to be important for regulating gene
transcription, but was phosphorylated at Tyr99 within the highly conserved cold shock
domain. The upregulated YB-1 that localized to the cytoplasm was found to stabilize Collal
MRNA, thereby promoting fibrosis (Wang et al., 2016). On the other hand, forced nuclear
expression of phosphorylated YB-1 by the small molecule HSc025, which disrupts the

Eur J Pharmacol. Author manuscript; available in PMC 2019 September 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lvetal.

Page 12

interaction of YB-1 and cytoplasmic retention protein poly(A)-binding protein, together with
endogenous Ser102 phosphorylation, attenuated fibrosis by repressing the Collal promoter
(Table 1). Notably, HSc025 reduced tubulointerstitial damage if applied during the period of
maximum renal tubular injury following AKI (Wang et al., 2016). Recently, specific deletion
of YB-1 in monocytes/macrophages was found to result in increased tissue damage, immune
cell infiltrates, myofibroblast activation and fibrosis following UUO (Bernhardt et al., 2017).
These studies support the conclusion that YB-1 is important for macrophage polarization
and the temporal resolution of inflammation through upregulation of IL-10.

6. Endogenous Antifibrotic Factors

Recent studies have identified endogenous antifibrotic factors that antagonize the fibrogenic
actions of TGF-B (Fig. 1). An important strategy for antifibrotic therapy would be to
increase or restore the expression of antifibrotic factors in the diseased kidney (Liu, 2006).
Thus, we will discuss the therapeutic potential of some endogenous antifibrotic factors.

6.1. Interleukin 10 (IL-10)

IL-10 functions as a general immunosuppressive cytokine and is produced by various
immune cell types, including B cells, monocytes, macrophages, T-helper 2 (Th2) cells, and
keratinocytes (Jin et al., 2013). 1L-10 reduces inflammation and mesangial cell proliferation
in acute glomerulonephritis induced by anti-Thy1 antibody and suppresses
glomerulosclerosis formation in a spontaneous rat model of FSGS (Mu et al., 2005). Jin and
colleagues found that 1L-10 knockout enhanced renal fibrosis in the UUO model of renal
injury, which was associated with greater tubular injury, collagen deposition, and expression
of pro-fibrotic genes (Jin et al., 2013). They also found that IL-10 deficient mice had more
renal inflammation with UUQ, with increased inflammatory cell infiltration and
upregulation of inflammatory chemokines (MCP-1 and RANTES) and cytokines (TNF-a,
IL-6, IL-8, and M-CSF). The enhanced renal inflammation and fibrosis were associated with
enhanced TGF-p/Smad3 and NF-xB signaling (Jin et al., 2013). Thus, I1L-10 could be a
potential anti-fibrotic therapy for patients with CKD (Jin et al., 2013; Rachmawati et al.,
2011). Short-term treatment with recombinant human IL-10 (rhIL-10) attenuated
inflammation and inhibited matrix deposition in the anti-Thy1 antibody-induced
glomerulonephritis rat, but had no effect on proteinuria (Rachmawati et al., 2011). However,
IL-10 has a very short plasma half-life /n vivo. Soranno and colleagues employed self-
assembling and injectable Dock-and-Lock hydrogels for local delivery of 1L-10 in the UUO
mouse model (Soranno et al., 2014). These hydrogels remained in the kidney for up to 30
days, and macrophage infiltration and apoptosis were reduced at days 21 and 35 following
hydrogel delivery. Hydrogel-delivered I1L-10 reduced macrophage infiltration and apoptosis
on day 35 more than IL-10 injection alone. Fibrosis was decreased in all treatment groups.
This work supports the use of hydrogel delivery of IL-10 to treat renal fibrosis and chronic
kidney disease (Soranno et al., 2014).

6.2. Interferon-gamma (IFN-vy)

IFN-vy is produced by various activated immune cells including NK cells and T cells.
Besides pro-inflammatory effects, IFN-y also has antiproliferative and antifibrotic effects
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(Poosti et al., 2015). IFN-vy inhibits fibroblast activation and proliferation and reduces
collagen synthesis; however, clinical use of IFN-y is limited by its short half-life and side
effects. Cell-specific delivery may improve the therapeutic actions of IFN-y and reduce
systemic side effects. In injured tissues, mesenchymal-derived fibroblasts have elevated
levels of platelet-derived growth factor receptor p (PDGFR). Poosti and colleagues
constructed PEGylated IFN-y conjugated to a PDGFR-recognizing cyclic peptide (PPB),
PPB-PEG-IFN-y (Poosti et al., 2015). In TGF-p activated NIH3T3 fibroblasts, PPB-PEG-
IFN-vy inhibited expression of collal, colla2, and a-SMA. /n vivo, delivery of PPB-PEG-
IFN-+y preserved tubular morphology in the UUO mouse with reduced expression of renal
collagen I, fibronectin, and a-SMA, lower interstitial T-cell infiltration, and less
lymphangiogenesis (Poosti et al., 2015).

6.3. Bone morphogenetic protein 7 (BMP-7)

BMP-7 is a member of the TGF- superfamily originally discovered as a morphogen in
kidney development and bone formation. Re-expression of BMP-7 occurs in spontaneous
kidney regeneration, while BMP-7 expression is reduced in chronic kidney disease
(Decleves and Sharma, 2014; Liu, 2006; Tampe and Zeisberg, 2014). Renal fibrosis is
attenuated by BMP-7, by activating Smad1, Smad5, and Smad8, and inducing Smad7 to
inhibit TGF-p signaling (Decleves and Sharma, 2014; Zeisberg et al., 2003). Exogenous
BMP-7 ameliorates renal fibrosis in experimental CKD models, but due to soft tissue
calcification, BMP-7 has limited clinical use. However, the regulation of BMP7 activity in
the kidney is complex and determined not only by BMP7 levels, but levels of Kielin/
chordin-like protein (KCP) and BMP receptors, as well as antagonists that include gremlin
1, noggin, and uterine sensitization-associated gene-1 (USAG-1) (Zeisberg and Kalluri,
2008). BMP-7 receptor agonists or targeting its antagonists show promise for the treatment
of renal fibrosis (Decleves and Sharma, 2014). A small molecule AA123 that mimics
BMP-7 activity by activating ALK3 signaling reproduces the antifibrotic activity of
recombinant BMP-7 in murine models of renal fibrosis (Tampe and Zeisberg, 2014). A
structural analog of AA123 is in phase Il clinical testing (Table 1)

6.4. Hepatocyte growth factor (HGF)

HGF is important for tubular repair and regeneration after AKI and has effects opposite of
TGF-B (Liu, 2006). Anti-HGF antibodies enhance the progression of tubulointerstitial
fibrosis in rodents with CKD, and HGF inhibits TGF- expression and prevents progression
of renal fibrosis in various animal models (Decleves and Sharma, 2014). /n vitro, HGF
blocks activation of interstitial fibroblasts and glomerular mesangial cells and inhibits
tubular EMT. It interferes with Smad signaling by several means. It blocks nuclear
translocation of activated Smad-2/3 in fibroblasts, upregulates expression of the Smad
corepressor SnoN in tubular epithelial cells, and prevents degradation of Smad corepressor,
TGIF in glomerular mesangial cells (Liu, 2004; Yang et al., 2005). By suppressing TGF-f1,
HGF also activates metalloproteinases and induces apoptosis of myofibroblasts (lekushi et
al., 2010).

The Angll type 1 receptor blocker (ARB), telmisartan is more effective than the prototypical
ARB, losartan in reducing proteinuria in hypertensive patients with diabetic nephropathy, in
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part because it is a partial agonist of PPAR-y (Table 1). HGF is a downstream effector of
PPARY. Kusunoki and colleagues reported that telmisartan increased renal HGF expression
in Angll type 1 receptor-deficient mice following UUO (Kusunoki et al., 2012).
PPAR-y/HGF activation was associated with decreased expression of TGF-p1 and other pro-
inflammatory and profibrotic cytokine genes. The protective actions of telmisartan were
attenuated by a neutralizing antibody against HGF. Nasu and colleagues recently
demonstrated that ONO-1301, a novel sustained-release prostacyclin analog, also suppressed
tubulointerstitial alterations in UUO by inducing HGF (Nasu et al., 2012).

The growth factor augmenter of liver regeneration (ALR) has actions similar to those of
HGF (Chen et al., 2014). Chen and colleagues reported that endogenous ALR attenuates
renal fibrosis in the UUO rat model (Chen et al., 2014). /n vitro experiments showed that
recombinant human ALR inhibits EMT by inhibiting TGFBR2 expression and TGF-p1-
induced signaling (Liao et al., 2014).

The expression of CD44 cell surface glycoproteins on tubular epithelial cells (TEC) is
increased following renal injury and contribute to renal fibrosis. The shortest and most
common isoform is CD44 standard (CD44s), but CD44v3-v10 (CD44v3) binds HGF/
BMP-7. Rampanelli and colleagues reported that overexpressing CD44v3 on primary TEC
made them less responsive to TGF-B’s profibrotic actions and more sensitive to BMP-7 and
HGF (Rampanelli et al., 2013). Compared to wild-type and CD44s transgenic mice, CD44v3
transgenic mice had less tubular damage and accumulation of myofibroblasts after UUO.
This was associated with decreased TGF-p1 signaling and increased BMP-7 synthesis and
signaling.

6.5. 5'-AMP-activated protein kinase (AMPK)

The adipokine, adiponectin likely has renoprotective actions based on its anti-inflammatory
properties. A causal link between metabolic disease and development of CKD is suggested
by studies of adiponectin and its downstream signal molecule, 5'-AMP-activated protein
kinase (AMPK). In mouse models of diabetic nephropathy, AMPK activation reduces
glomerular accumulation of TGF-p, collagen, and fibronectin, and inhibited myofibroblast
transdifferentiation (Dugan et al., 2013; Mishra et al., 2008). AMPK regulates TGF-1
production by inhibiting upstream stimulatory factor 1 (USF1), a transcription factor that
mediates glucose-induced TGF-p1 gene transcription (Decleves and Sharma, 2014). AMPK
activation also blocks palmitic acid-induced MCP-1 expression in mesangial cells and
attenuates macrophage infiltration and activation (Decleves et al., 2011). With AMPK
activation, kidneys of mice on a high-fat diet had reduced macrophage infiltrates with a
lower CD11c to CD11b ratio, indicating less M1 macrophages.

6.6. Kruppel-like factor-15 (KLF15)

Transcription factor KLF15, which is associated with reduced cardiac fibrosis, is decreased
in remnant kidneys (Gao et al., 2011; Gao et al., 2013). Expression of KLF15 in mesangial
cells is repressed by oxidative stress, TGF-B, and TNF-a. viathe TNF receptor-1 and NF-
xB. KLF15 overexpression in mesangial and HEK?293 cells attenuated levels of type IV
collagen and fibronectin mRNA. KLF15 overexpression also repressed basal and TGF-p1-
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induced ECM and CTGF in NRK-49F cells. Moreover, KLF15 knockout mice developed
glomerulosclerosis following uninephrectomy. Gao and colleagues found that TGF-p1-
mediated activation of ERK/MAPK and JINK/MAPK downregulated KLF15 expression and
increased levels of ECM and CTGF, effects that were completely abolished by inhibitors of
ERK1/2 and JNK in NRK-49F cells (Gao et al., 2013).

6.7. Vitamin D

Vitamin D has protective effects on the kidney and cardiovascular system beyond mineral
metabolism. Vitamin D deficiency has been reported to contribute to the progression of
chronic kidney disease. Vitamin D analogs exhibit impressive renal protective actions in
several animal models of kidney injury, either when given as alone or combined with RAAS
blockade. Vitamin D receptor knockout mice had more severe renal damage in a mouse
model of diabetic nephropathy (Zhang et al., 2008). The interaction of 1,25-dihydroxy
vitamin D3 [1,25(0OH),D3] with the vitamin D receptor (VDR) controls transcription of
>200 genes. A good number of these genes suppress renal fibrosis. Also, vitamin D analogs
are anti-inflammatory by inhibiting NF-xB-mediated gene transcription due to an interaction
between VDR and the p65 NF-xB subunit. Because Angll is a potent inducer of NF-xB
activity, the ability of the vitamin D2 analog, paricalcitol to downregulate the RAAS likely
explains part of its anti-inflammatory actions (Mirkovic and de Borst, 2012). In adriamycin
(ADR) nephropathy, paricalcitol prevented proteinuria and renal interstitial damage by
inhibiting Wnt/p-catenin signaling (He et al., 2011). Ito and colleagues found that
1,25(0OH),D3-bound VDR reduced renal fibrosis by interacting with Smad3 and blocking
TGF-p-Smad signaling (Ito et al., 2013). They generated two synthetic analogs of
1,25(0OH),D3 that interact with VDR and inhibit TGF-B-induced Smad signaling without
inducing classical VDR-mediated genes so as to avoid development of hypercalcemia
(Bonventre, 2013).

Overall, the mechanisms underlying the renoprotective actions of vitamin D include negative
regulation of the RAAS, and inhibition of TGF-B-Smad, NF-xB, and Wnt/p-catenin
pathways (Mirkovic and de Borst, 2012). A comparison of the renoprotective potential of
different vitamin D analogs in CKD patients being treated with inhibitors of the RAAS is an
important progression towards optimizing therapy. The available preclinical data suggests
that vitamin D analogs might be used as add-on therapy to protect the kidney in combination
with inhibition of RAAS (Mirkovic and de Borst, 2012). Addition of paricalcitol to RAAS
inhibition was found to lower residual albuminuria in patients with diabetic nephropathy (de
Zeeuw et al., 2010), but a recently completed study indicated a lack of add-on benefit of
paricalcitol in patients with advanced CKD (Thethi et al., 2015) (Table 1).

7. Renal Fibrosis the Common Pathway in progressive CKD

TGF-p plays a central role in inflammation/cytokine driven renal fibrosis (Fig. 2).
Ultimately, regardless of the initiating factor, the process of renal fibrosis in CKD is
sustained by the local production of TGF-f by resident kidney cells, infiltrating immune
cells, and activated fibroblasts. TGF-B drives fibrosis by activating a number of signaling
molecules that induce collagen production/turnover, form myofibroblasts from resident
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fibroblasts or epithelial/endothelial cells, and generate chemokines. The latter attract
immune cells that sustain production of TGF-g and pro-inflammatory cytokines. The
signaling molecules activated by TGF-p include AKT/mTOR, Smad2/3, NF-xB, KLF6, and
Sp1 that induce protein synthesis or gene expression (including upregulation TGF-B).
Moreover, the signaling actions of TGF-p are enhanced by CTGF, which is upregulated
TGF-p. Pro-inflammatory cytokines TNF-a and TWEAK further enhance fibrosis and
inflammation through NF-xB signaling. The resulting oxidative stress leads to sustained,
ligand-dependent and -independent, activation of receptor tyrosine kinases EGFR and
PDGFR, which fosters further oxidative stress that contributes to fibrosis, as well as cellular
apoptosis. A number of endogenous signaling molecules oppose fibrosis, including I1L-10
and vitamin D (targeting NF-xB), BMP-7, HGF, and vitamin D (targeting Smad2/3), and
AMPK (targeting USF1/TGF-p and MCP-1 production).

8. Conclusions and Future Perspectives

In summary, renal fibrosis involves complex interactions among multiple inflammatory cells
and cytokine signaling pathways. Myofibroblasts are regulated by a variety of means,
including paracrine signals derived from lymphocytes and macrophages, as well as autocrine
factors. Critical profibrotic factors include MCP-1, NF-xB, TNFa, and TGF-B. Many
endogenous antifibrotic factors have been identified, and others await discovery. However,
there have been few clinical trials that have successfully targeted fibrosis in CKD, likely
reflecting the fact that inflammation is multifactorial and self-sustaining. One complicating
consideration is that the intracellular signaling pathways linked to fibrosis crosstalk with
other signaling networks that influence critical cellular functions. Furthermore, a particular
pathway may exhibit different effects depending upon the stage of renal fibrosis.
Consequently, it may not be possible to rescue the disease by targeting only one particular
pathway or molecule. Rather, a multi-pharmacological approach involving several anti-
inflammatory and antifibrotic molecules may need to be employed. This conclusion is
perhaps best illustrated by the greater efficacy of telmisartan, which not only blocks
angiotensin ll-induced TGF-f production and hypertension, but activates PPARy and HGF
production. The combination of telmisartan with a vitamin D analog may prove to be even
more efficacious due to inhibition of Angll production and TGF- signaling, along with
minimal toxic actions that are a feature of single agents that are used in high doses. This
combined treatment of telmisartan and vitamin D for CKD-related renal fibrosis awaits
clinical trial. Finally, accumulating evidence shows that mesenchymal stem cells (MSCs)
have renoprotective actions and reduce renal fibrosis in preclinical models of both AKI and
CKD (Elseweidy et al., 2017; Roushandeh et al., 2017; Yokote et al., 2017; Zhu et al., 2017).
Likely, their effectiveness is due to the release of multiple factors. A clinical trial
(NCT03321942) is currently recruiting participants to assess the effficacy of adipose tissue-
derived MSCs for treating CKD (Table 1).
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Fig. 1. Summary of pro- and anti-fibrotic factors involved in renal inflammation
Renal inflammation plays a central role in the initiation and progression of chronic kidney

disease (CKD) by causing fibrosis. Multiple inflammatory signaling molecules are activated
that are potential targets for drug development. Multiple antifibrotic factors are also
downregulated, thus contributing to the development of CKD indirectly. Therapies aimed at
restoring levels of these factors or activating their signaling pathways are an alternative
strategy for attenuating renal fibrosis. Restoration of the balance between pro- and
antifibrotic signaling pathways could serve as a guiding principle for the design of new
antifibrotic strategies to treat CKD.

Eur J Pharmacol. Author manuscript; available in PMC 2019 September 09.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Lvetal. Page 28

Cytokines/

Initiating Factors

Reinforcing
Factors

Signaling &
Transcription Factors

Endogenous
Anti-Fibrotic Factors

QOutcomes

Fig. 2. The common pathway in renal fibrosis
In response to renal injury, resident renal cells and infiltrating immune cells produce a

number of factors that initiate the processes of renal fibrosis, including TGF-p and ROS.
These factors act in concert with various reinforcing factors, such as the sustained activation
of receptor tyrosine kinases (RTKS), to activate signal transduction intermediates that drive
ECM accumulation and renal fibrosis by multiple means, involving: the formation of
fibroblasts with a synthetic phenotype (myofibroblasts) from resident fibroblasts or viathe
processes of epithelial-to-mesenchymal transition (EMT) or endothelial-to-mesenchymal
transition (EndMT), cell death, and the production of pro-inflammatory or profibrotic
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cytokines (including TGF-p) that feedback to perpetuate the inflammatory and fibrotic

cycle. Recent studies have defined a number of endogenous molecules that dampen the
fibrotic process by targeting either the reinforcing factors or signaling intermediates. See fext
for additional details.
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Anti-fibrotic agents that target inflammation in chronic kidney disease models and status of drug trials and
clinical development

Agent/Drug
CX140-B

BX471
ssR240612

Infliximab or
Entanercept

Pegylated TNFR1

Anti-Fn14 & Anti-
TWEAK antibodies

LY2382770

Suramin

FG-3019

Erlotinib or Gefitinib
Anti-PDGF-C
antibody

Imatinib

Pirfenidone

Rapamycin/Sirolimus

Pyrrolidine
dithiocarbamate
(PDTC)
BMS-566419
MPA/MMF

HSc025

AA123

Telmisartan

ONO-1301

Paricalcitol, Vitamin D
analog

Target

Inhibits CCR2 (CCL2
signaling)

CCRL inhibitor

Bradykinin receptor B1
inhibitor

Inhibits TNF-a

Inhibits TNF-a
Inhibit Fn14/ TWEAK

Inhibits TGF-B1

Inhibits TGF-B/RTK
signaling

Inhibits CTGF

Inhibits EGFR

Inhibits PDGF-C

Inhibits PDGFRs (various
tyrosine kinases)

Inhibits PDGF, TGF-B,
TNFa

Inhibits MTORC1

Inhibits NF-xB

Inhibits IMPDH/NF-xB
activation

Induces nuclear actions of
YB-1

ALK3 activator (BMP-7
mimetic)

ARB and PPARy agonist

Prostacyclin analog

Negative regulation of
RAAS; inhibition of NF-
kB and TGF-B signaling

Kidney Disease
Type 2 diabetic nephropathy

Murine models of nephropathy

UUO and nephrotoxic serum-induced
models of renal injury

Various animal CKD models

Remnant kidney model

UUO and aGBM FSGS

Diabetic nephropathy

Remnant kidney model

Steroid-resistant FSGS; Diabetic kidney
disease

Various pre-clinical models

Murine UUO model

Various pre-clinical models

FSGS; Diabetic kidney disease; UUO,
aGBM glomerulonephritis, remnant
kidney, hypertension models

Reduces fibrosis and loss of renal
function in various pre-clinical models

Various pre-clinical CKD models

Reduces renal fibrosis in UUO model
andhypertension and diabetic
nephropathy

Reduces renal fibrosis and injury in
UUO and ischemia/reperfusion-induced
inflammation models

Various pre-clinical models

Murine UUO model, IR-induced AKI;
Type 2 diabetic nephropathy; rodent
UUO, hypertension, and remnant kidney
models

Murine UUO model

Various pre-clinical models

Clinical Trial

Additional renal protective effects in
diabetic patients.

Approved for arthritis and inflammatory
bowel disease. FSGS trial failed to enroll
sufficient number of patients. Status
undetermined.

Ab tolerated in humans

Trial of BIIB023 in Lupus nephritis
terminated for lack of efficacy.

No efficacy.

Terminated (not specified or poor study
design).

Anticancer agents; no renal disease
trials.

Anticancer agent; no renal disease trials.

Slowed the decline in eGFR in FSGS
and diabetic nephropathy.

Immunosuppressive agents for
transplant. Improves long-term graft
survival. Associated with nephrotoxicity
in some FSGS patients.

Immunosuppressive agents for transplant
trials.

Structural analog in phase 11 clinical
testing.

Widely used for renal protection in
diabetic patients.

Still ongoing for diabetic kidney disease.
Previous study showed lack of efficacy.
Selective vitamin D receptor activation
with paricalcitol reduced albuminuria in
patients with type 2 diabetes (VITAL
study).
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Agent/Drug

Adipose tissue-derived
MSCs

Target

Inflammation, oxidative
stress, and mitochondrial
damage

Kidney Disease

Various models of AKI and CKD,
including IR, adenine-induced, and
cisplatin intake

Clinical Trial

Non-diabetic CKD, recruiting
(NCT03321942).

aGBM, anti-glomerular basement membrane; AKI, acute kidney injury; ARB, Angll type 1 receptor blocker; CAN, chronic allograft nephropathy;
CKD. chronic kidney disease; eGFR, estimated glomerular filtration rate; FSGS, focal segmental glomerulosclerosis; IMPDH, inosine
monophosphate dehydrogenase; IR, ischemia/reperfusion; MMF, mycophenolate mofetil; MPA, mycophenolic acid; MSCs, mesenchymal stem
cells; RAAS, renin—angiotensin—aldosterone system; RTK, receptor tyrosine kinase.
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