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Abstract

Tubulointerstitial fibrosis, tubular atrophy and peritubular capillary rarefaction are major
hallmarks of chronic kidney disease. The tubulointerstitium consists of multiple cell components
including tubular epithelia, mesenchymal (fibroblasts and pericytes), endothelial, and
inflammatory cells. Crosstalk among these cell components is a key component in the
pathogenesis of this complex disease. Following severe or recurrent injury, the renal tubular
epithelial cells undergo changes in structure and cell cycle which are accompanied by altered
expression and productions of cytokines. These cytokines contribute to the initiation of the fibrotic
response by favoring activation of fibroblasts, recruitment of inflammatory cells, and loss of
endothelial cells. This review focuses on how augmented growth factor and cytokine production
induces epithelial crosstalk with cells in the interstitium to promote progressive tubulointerstitial
fibrosis after renal injury.
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The hallmark of chronic kidney diseases is tubulointerstitial fibrosis (TIF) which has the
histopathology features of extracellular matrix (ECM) accumulation, tubular atrophy,
inflammatory cell infiltration, and peritubular microvasculature loss. This pathology is the
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common endpoint of chronic kidney diseases of multiple etiologies including glomerular
insults, repeated acute kidney injury, and chronic tubulointerstitial injuries. The
tubulointerstitium consists of multiple cell components including tubular epithelia,
mesenchymal (fibroblasts and pericytes), endothelial, and inflammatory cells, all of which
contribute to fibrosis progression. In addition, altered matrix metalloproteinase enzyme
activity and disruptions in the tubular basement membrane can promote growth factor
release and communication between the epithelial and interstitial compartments(1). The
interplay among these cells is highly complex and, although initially aimed at tubular repair
and recovery following injury, may become unregulated and accelerate tubular atrophy and
TIF progression.

Tubular epithelia, in particular the proximal tubules, are targeted by acute and chronic
injuries. The injured epithelia de-differentiate and proliferate resulting in repair after acute
kidney injury(2). When epithelial injury occurs repetitively or persists over time, tubular
apoptosis may occur and lead to progressive TIF. This was nicely demonstrated with the
diphtheria toxin model in which mice with repeated tubule-specific injury leading to
apoptosis developed interstitial fibrosis, tubular atrophy, and inflammation(3). These dying
epithelial cells may elicit pro-inflammatory cytokines and other growth factors that promote
inflammation and fibrosis, but more research is required to elucidate the mechanisms
whereby epithelial apoptosis leads to TIF(4). Tubular apoptosis may be sufficient but not
necessary to promote TIF as even sub-lethal epithelial injury alters the structure and function
of these tubules in ways that can also lead to progressive renal dysfunction. More than a
decade ago, it was postulated that the injured epithelia undergo epithelial to mesenchymal
transformation (EMT) and transform into interstitial mesenchymal cells that are responsible
for ECM production and ultimately fibrosis(5). Many factors including TGF-B, HIF-1a., and
integrin-linked kinase have been implicated in EMT in vivo(6-8), and prevention of TGF-p-
mediated signaling by BMP-7 was proposed to be beneficial in reversing TGF-p-mediated
tubulointerstitial fibrosis(6). Although the origin of fibroblasts still remains controversial, a
recent study showed that only 5% of fibroblasts originate from EMT(9), and lineage tracing
studies have shown that fibroblasts derive from resident mesenchymal cells and pericytes
that are PDGFRP positive(10, 11).

Regardless of whether epithelia undergo EMT, the injured proximal tubule clearly de-
differentiates and undergoes cell cycle changes. The de-differentiated epithelial cells acquire
a partial mesenchymal phenotype which is associated with increased production of pro-
fibrotic cytokines. Although injured epithelia are unlikely to be the main producers of ECM,
they are important producers of growth factors that have paracrine effects on resident
fibroblasts/pericytes. Consistent with this, deletion of Snail and Twist, transcription factors
that promote de-differentiation by repressing E-cadherin, reduced TIF after renal injury (12,
13). In addition, chronically injured epithelia become arrested in G2/M, and this cell cycle
dysfunction is also associated with excessive production of pro-fibrotic growth factors(14).
G2/M cell cycle arrest induced increased JNK (c-jun N-terminal kinase) activity which
augmented production of TGF-p and CTGF/CCN2 (connective tissue growth factor)(14).
Thus, the chronically injured epithelial cells undergo changes in cell structure and cell cycle
which are accompanied by increases in cytokine production (Table 1). This review focuses
on how epithelial injury, through augmented growth factor production that induces either
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autocrine signaling or crosstalk with interstitial cells, promotes progressive TIF after renal
injury.

Epithelial/epithelial and epithelial/fibroblast crosstalk

Injured epithelia are potent producers of growth factors and cytokines such as TGF-p,
PDGF, hedgehog and Wnt ligands. These growth factors may initially promote regeneration
of the injured epithelia but, in persistent injury, have paracrine effects on surrounding cells
such as fibroblasts causing them to transform into myofibroblasts. Activated fibroblasts have
increased stress fibers, proliferate, and produce ECM components like collagens leading to
progressive TIF. Activated fibroblasts are difficult to study, in part, because they were
initially defined by ultrastructural features on electron microscopy, and there are no markers
that identify these cells specifically(15). The expression of a-SMA is commonly used as an
indicator of myofibroblasts, but we and others have found that a-SMA inconsistently marks
collagen I-producing fibroblasts after injury(16, 17). Given the heterogeneity of fibroblasts
isolated from injured kidneys, it is likely that many different subsets of fibroblasts exist with
different expression profiles and functions.

There is strong evidence for epithelial/fibroblast crosstalk through growth factors in vitro,
but defining it in vivo is difficult due to the various other cells (e.g. inflammatory cells,
endothelial cells) that also produce pro-fibrotic growth factors. In support of epithelial/
fibroblast crosstalk, a rat model of tubular injury found that activated fibroblasts surrounded
only those proximal tubules with evidence of injury(18). Epithelial/fibroblast crosstalk is
important in both renal development and tumorigenesis and is mediated by many of the
same growth factors up-regulated after renal injury(19-21). These growth factors include
members of the TGF- superfamily, Notch, Wnt, and Hedgehog pathways, and the
importance of developmental signaling pathways in renal fibrosis was recently reviewed
(22). These pleiotropic growth factors most likely mediate all TIF regardless of etiology, but
we currently have little information on the role of specific growth factors in different disease
processes. One of the major reasons is that most studies investigating TIF progression utilize
the unilateral ureteral obstruction model (UWUQ). While this is considered the standard model
of TIF, it has many limitations as it induces extreme injury in a short time period resulting in
destruction of the kidney without producing functional data such as altered glomerular
filtration rate.

TGF-B is considered one of the strongest pro-fibrotic growth factors due to its ability to
activate fibroblasts into myofibroblasts and stimulate matrix production(23-25). The injured
tubular epithelium is a potent source of TGF-f though other cells (macrophages, fibroblasts,
and cells in the vasculature) also produce this growth factor (23-26). There are three TGF-B
isoforms (—B1, p2, p3), and TGF-B1 is considered the primary mediator of TIF progression
in the kidney. Injured epithelial cells may increase TGF-B, not only through production of
ligands, but also by augmented expression of integrin avf6, an important activator of latent
TGF-B,(27, 28) or through transfer of TGF-p mRNA to fibroblasts via exosomes(29). A
transgenic model in which tubule cells overexpress TGF-p resulted in tubular damage as
well as fibroblast proliferation and transformation into myofibroblasts, suggesting that
epithelial-derived TGF-B has both autocrine and paracrine effects(30). Thus, increased TGF-
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B produced by injured epithelia may promote TIF through paracrine signaling on
surrounding fibroblasts.

Augmented epithelial TGF-p production may also induce crosstalk with fibroblasts through
other growth factors. After rodent ischemia-reperfusion (I/R), an acute injury that can lead to
TIF, injured tubules in fibrotic tissue had increased TGF- activity as measured by
phosphorylation of downstream Smad2 as well as increased PDGF-B (platelet derived
growth factor) and CTGF/CCN2(31). Furthermore, blockade of the TGF-B type | receptor
reduced PDGF-B and CTGF protein expression after I/R and suppressed their mRNA levels
after LPA (lysophosphatidic acid) stimulation of proximal tubules in vitro(31). Thus,
autocrine TGF-B signaling may increase epithelial production of PDGF-B and CTGF/CCN2
that can signal on neighboring fibroblasts and promote TIF progression.

TGF-p is arguably the most potent activator of fibroblasts, but it is not required for fibroblast
proliferation and matrix production as deletion of the type Il receptor (TRRII), required for
signaling, on fibroblasts did not rescue TIF in either the UUO or aristolochic acid models of
injury(16). Another group found a modest (29%) reduction in fibrosis after UUO when
deleting TRRII in fibroblasts(9). These differences are likely due to differing strategies to
target fibroblasts: one group used the COL1A2-Cre and the Tenascin C-Cre, both of which
target matrix-producing interstitial cells(16), whereas the other group used the a-SMA-Cre
to target myofibroblasts(9). The loss of TRRII in a-SMA+ cells primarily affected
proliferation of bone-marrow-derived cells rather than resident fibroblasts; cells that were
probably not targeted by COL1A2 or Tenascin-Cre. The surprisingly negative result
produced by deleting TBRII with either the COL1A2 or Tenascin-Cre may have been due to
recombination efficiency, however, the percentage of cells that underwent recombination
was quantitatively equal to the a-SMA positive cells(16). A more likely explanation for the
negative finding is that inhibiting TGF-p signaling in fibroblasts may not be sufficient to
prevent TIF progression because other growth factor pathways can also activate fibroblasts
and stimulate ECM production. Consistent with this recent pre-clinical data, clinical trials
targeting TGF-p for the treatment of diabetic nephropathy have not shown a benefit. Both
Genzyme and Lilly developed neutralizing antibodies to TGF-B1 (CAT-192 and LY 2382770,
respectively) that failed to have a benefit in diabetic nephropathy (32). Possible explanations
for these disappointing results are that although TGF-B1 is the ligand most strongly linked to
renal fibrosis, compensatory upregulation of other isoforms may have negated any benefit.
Alternatively, other growth factors (e.g. PDGF, Wnt, hedgehog, EGF) play an important role
in promoting CKD progression, suggesting that targeting just one growth factor is
insufficient to alter the course of TIF.

The PDGF pathway is another mediator of epithelial/fibroblast crosstalk that may be
important in the pathophysiology of CKD. The PDGF-B ligand, implicated in interstitial
fibrosis, has increased expression in atrophic, injured tubules but not in healthy renal
epithelia(33-35). However, expression of the PDGFRa and PDGFR receptors is restricted
to interstitial fibroblasts (36). Blockade of PDGF signaling by anti-PDGFR antibody
reduced fibroblast numbers, expression of a-SMA, and renal fibrosis in the UUO injury
model (36). It is tempting to speculate that PDGF-B (or other ligands) produced by injured
epithelia augment PDGFR phosphorylation and subsequent signaling on neighboring
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fibroblasts, but other cells (endothelial cells, macrophages) also produce PDGF ligands(37,
38). Therefore, studies with tubule-specific ablation of these ligands are necessary to
determine whether tubular/fibroblast crosstalk is responsible for PDGF-dependent effects or
if another cell type is also involved.

Injured epithelia also utilize the hedgehog pathway, upregulated in injured human and
murine kidneys, to signal to neighboring fibroblasts and potentially promote fibrosis
progression. The three hedgehog secreted ligands (Hh) bind to the Patchedl (Ptchl)
membrane receptor, and this binding releases the protein smoothened (Smo) which
facilitates transcription of the Glil/2 effectors. Immunostaining and reporter mice show that
while the Hh ligands are primarily expressed on tubular epithelial cells, the receptor Ptchl
and the Gli transcriptional targets are exclusively expressed by fibroblasts(39-41). The
spatially restricted expression pattern of hedgehog ligands and effectors strongly suggests an
epithelial/fibroblast paracrine signaling pattern. The hedgehog ligands augment proliferation
of fibroblasts in vitro(39, 40). However, pharmacologic inhibition of the hedgehog pathway
(Smo inhibitor) led to conflicting effects on renal fibrosis(39, 40). Genetic and
pharmacologic inhibition of Gli1/2 have been successful in reducing fibrosis after either
UUO or I/R, though there is some evidence that other pathways (e.g. TGF-p) may also
regulate this protein(40, 42-44). Thus the hedgehog pathway likely mediates epithelial/
fibroblast crosstalk, however the mechanisms whereby it promotes TIF after renal injury
requires further investigation.

The Wnt/B-catenin pathway is implicated in epithelial repair, but studies also show that Wnt
signaling mediates tubulointerstitial communication that promotes fibrosis(45, 46). The Wnt
pathway consists of 19 Wnt ligands which bind to Frizzled and LRP5/6 receptors leading to
canonical signaling through p-catenin nuclear localization and stimulation of Wnt target
genes. Wnt ligands and receptors are upregulated after renal injury, and p-catenin activity is
increased in injured tubules(47, 48). Overexpression of Wnt1 ligand specifically in renal
proximal tubule cells is sufficient to cause TIF with evidence of increased Wnt/p-catenin
activity in neighboring fibroblasts, suggesting paracrine signaling(49). As the epithelia
producing Wnt1 did not show evidence of injury, the TIF was likely a direct effect of Wntl
ligand on surrounding stromal cells. Genetic stabilization of B-catenin (i.e. f-catenin
activation) in interstitial fibroblasts was sufficient to induce TIF without further injury(50).
Data showing that epithelial-specific deletion of p-catenin had little effect on renal fibrosis
further support the consensus that fibroblasts mediate the deleterious effects of Wnt/p-
catenin signaling in injury(51). It is likely that injured tubular epithelia produce Wnt ligands
which then activate neighboring fibroblasts to promote TIF, but exactly which Wnt ligands
and receptors mediate this critical crosstalk is unclear.

Recently, the transcription factor Stat3 was shown to be a critical mediator of epithelial/
fibroblast crosstalk leading to TIF by affecting multiple profibrotic genes (52).
Transcriptomic analysis from renal tissues revealed that the Jak/Stat pathway was
upregulated in human diabetic nephropathy (53). Stat3 mediates signals of both
inflammatory- (e.g. interferon receptors, IL-6R) and growth factor-dependent pathways
implicated in fibrogenesis (e.g. PDGFR, FGFR). Tubule-specific deletion of Stat3 in mice
protected against TIF after 75% nephron reduction, and this was associated with diminished
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expression of PDGF-B, Lcn2 (lipocalin/NGAL), and TIMP1(52). As PDGF-B and TIMP-1
have been implicated in fibroblast proliferation (54, 55) and Lcn2 can augment fibroblasts’
production of collagen | (56), Stat3 may mediate pro-fibrotic epithelial/fibroblast crosstalk
through multiple targets. Given that the numerous pathways that both activate Stat3 and are
downstream of Jak/Stat signaling, Stat3 likely coordinates cellular crosstalk that extends
beyond epithelial/fibroblast interactions (e.g. inflammatory/epithelial). A phase Il study
using the Jak1/2 inhibitor baricitinib reduced proteinuria in patients with diabetic
nephropathy (57). Thus targeting the Jak/Stat pathway may reduce tubulinterstitial fibrosis
but further data are needed on long term functional changes (e.g. GFR).

Another growth factor produced by tubular cells that plays a role in the response to acute
and chronic renal injury is the epidermal growth factor (EGF). However, the overall role of
this growth factor and its receptors (e.g., EGF receptor) in tubular kidney injury is
controversial. In both ischemic and toxin models of AKI, exogenous EGF promotes renal
recovery by enhancing tubular proliferation (58, 59). Consistent with this, both mice
expressing functionally hypomorphic EGF receptor (waved-2 mice) and mice with proximal
tubule-specific deletion of the EGF receptor had delayed recovery from AKI (60, 61).
Although this pre-clinical data suggests that EGF signaling has a beneficial role in AKI,
animal models of chronic kidney injury indicate that EGF signaling promotes TIF
progression. Genetic or pharmacologic inhibition of the EGF receptor significantly
decreased TGF-B-induced proximal tubule fibrogenesis (62). Similarly, the waved-2 mice
had reduced fibrosis in both the UUO and a model of chronic renal ischemia (63, 64).
Interestingly, EGF has been recently identified as a biomarker of human CKD progression
(65). Lower urinary EGF levels correlated with kidney transcript levels and, somewhat
surprisingly, higher amounts of tubular atrophy, TIF, and rate of progression (65). However,
this study investigated EGF as a biomarker rather than mediator of CKD, and the lower EGF
levels may just reflect a diminished number of healthy tubular cells that can produce this
growth factor. Another potential explanation for the discrepancy between the pre-clinical
CKD data and this human biomarker study is that EGF receptor activation may be
detrimental through an EGF-independent ligand (66—68). Clearly, more research is
warranted to define how EGF and its receptor contribute to human CKD progression.

In conclusion epithelial-derived growth factors do play a key role in activating tubular cells
and/or fibroblasts and stimulating their proliferation, migration, and matrix production.
TGF-p is considered the master inducer of myofibroblast formation and matrix production,
but other growth factor pathways also play an important role. Multiple growth factor
pathways, including some not discussed (e.g. Notch), that regulate renal development
become re-expressed or upregulated after injury(69). Many of these pathways have
synergistic actions and promote epithelial regeneration and wound healing, but if signaling is
prolonged or excessive, can also lead to TIF independent of TGF- signaling. Although the
increased ECM production is in response to epithelial injury, the augmented peritubular
fibrosis can potentially exacerbate injury by worsening epithelial hypoxia, further
accelerating the progression of TIF. A better understanding of how growth factors interact
and which downstream signaling pathways regulate TIF may lead to more therapeutic
targets.
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Epithelial crosstalk with inflammatory cells

The injured epithelia also produce cytokines that affect interstitial inflammatory cells,
specifically macrophages and dendritic cells (DC), which are important modulators of
chronic kidney disease. Macrophages/DCs populate the uninjured renal interstitium and act
as antigen-presenting cells and macrophages also have an important phagocytic function.
After renal injury, these inflammatory cells expand both through local proliferation and
infiltration of circulating monocytes and subsequent differentiation. Macrophages/DCs in
injured kidneys display considerable plasticity and functional heterogeneity with distinct and
overlapping roles. The subsets of macrophages/DCs are classified based upon expression of
certain markers (e.g. F4/80, CD11b/c, Ly6C), and has been reviewed by others(70, 71).
Although macrophages can be classified into many subsets, they are broadly described as
either a pro-inflammatory, M1 (classically activated) or a wound healing and pro-fibrotic M2
(alternatively activated) phenotype(70). In acute kidney injury, M1 promotes inflammation
whereas M2 has a reparative, anti-inflammatory effect. However in CKD, M2 macrophages
may promote TIF through production of pro-fibrotic growth factors, and further studies with
macrophage-specific deletion of growth factors are necessary to better define their
importance in TIF progression. The balance of these different macrophage populations in the
injured kidney is influenced by crosstalk with tubular epithelia. Although macrophages can
play an important role in removing debris and promoting epithelial recovery from acute
injury, increased macrophage infiltration is associated with CKD and increased TIF in
human biopsies(72).

Injured renal epithelia modulate the inflammatory response by production of chemokines,
chemoattractant cytokines that bind to receptors on inflammatory cells and promote
migration of macrophages/DCs to the site of injury. Renal epithelia, through injury or
growth factor signaling (e.g. TGF-B), express the chemokines monocyte chemoattractant
protein-1 (MCP-1) and RANTES (regulated upon activation, normal T cell expressed and
secreted) which bind to the receptors CCR2 and CCRS5, respectively, to mobilize
macrophages/DCs(73-75). Furthermore, the expression of MCP-1 and RANTES by tubular
epithelial cells in human glomerular diseases was also associated with CCR5+ interstitial
cell infiltrate and TIF(76, 77). Injured proximal tubules can also promote local macrophage
proliferation through the production of macrophage colony stimulating factor (CSF-1)(78).

In addition to inducing quantitative changes in macrophage/DC infiltration, injured epithelia
also alter the type of inflammatory infiltrate in the renal interstitium. Recent data indicate
that epithelial-derived CSF-1 is not only critical for macrophage recruitment and
proliferation, but also polarization into a reparative, M2 phenotype(79, 80). Mice with
proximal tubule-specific deletion of CSF-1 had reduced numbers of M2 macrophages 5 days
after ischemia/reperfusion injury and increased fibrosis four weeks after injury(79). The
chemokine fractalkine (CX3CL1) and its CX3CR1 receptor provide another example
whereby injured epithelia qualitatively alter the inflammatory infiltrate. The interaction
between fractalkine, expressed on injured epithelia, and CX3CR1, expressed on
macrophages/DCs, not only directs macrophage recruitment and adhesion, but also increases
the survival specifically of pro-fibrotic macrophages (Ly6C~CX3CR1M)(81, 82). Thus,
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injured proximal tubule cells modulate the amount and phenotype of infiltrating
macrophages/DCs through production of cytokines.

Precisely how this epithelial/inflammatory cell crosstalk affects the progression of CKD
depends upon the effect on macrophage phenotype, the timing relative to injury, and
microenvironment. Animal models of acute kidney injury, a risk factor for CKD progression,
suggest that a pro-inflammatory, M1 macrophage phenotype predominates at 1-3 days post-
injury. Depleting macrophages using clodronate or genetic methods may ameliorate injury in
this phase. However, at later time points, there is a switch to a reparative, M2 macrophage
subtype which promotes recovery from injury. Depletion of macrophages at this later stage
can impair renal recovery and lead to CKD(83, 84). In human CKD kidneys, persistent
macrophage infiltration portends a poor prognosis, and reducing renal macrophages
ameliorated fibrosis in the UUO and diabetic murine models of chronic injury(85-87). In
CKD, unlike AKI, the M2 phenotype likely promotes TIF due to production of factors like
TGF-B, PDGF, and galectin3(86). Thus, persistent epithelial injury may stimulate TIF
progression through chemokine-dependent, increased M2 macrophage infiltration. Although
injured epithelia also alter DC polarization through cytokine production, there is less data to
support a role for DCs in TIF progression(88, 89). As most of the studies establishing
epithelial/macrophage crosstalk were performed in AKI, further studies on macrophage
subtypes in CKD are warranted with the caveat that the UUO may not be an ideal model as
its inflammatory component is much greater than in the CKD human kidney. We recognize
that other immune cells (lymphocytes, natural killer cells) may also play a role in chronic
kidney injury, but have focused primarily on macrophages as their role in chronic injury and
crosstalk with epithelia is better defined.

Cellular crosstalk within the vascular compartment

In addition to tubular cells, fibroblasts and immune cells, the vascular component has
emerged as a key contributor of interstitial fibrosis(90). During chronic kidney disease,
peritubular endothelial cells undergo apoptosis which results in peritubular capillary
rarefaction and increased tissue hypoxia and oxidative stress(91). Although peritubular
capillary rarefaction is often associated with interstitial fibrosis, whether changes in the
kidney vasculature are a cause or a consequence of fibrosis is difficult to determine. Altered
vascular function as a result of a fibrotic environment could result in hypoxia thus driving
the expression of HIF-1a by proximal tubule cells, dedifferentiation of these cells and
altered matrix production(7). On the other hand, a fibrotic environment could promote the
production of thrombospondin-1 by tubular cells and/or fibroblasts. This glycoprotein could
potentiate the fibrotic response both by activating TGF-p and by exerting anti-angiogenic
actions, thus leading to loss of microvascular endothelium and generation of a hypoxic
environment, thus creating a vicious cycle. In support of thrombospondin-1’s deleterious
role in microvascular stability, in vivo inhibition of thrombospondin expression by siRNA
suppresses TIF by promoting VEGF production and restoring peritubular capillary
density(92).

VEGEF is one of the most potent pro-angiogenic factors, but whether its production is
beneficial and/or deleterious in the course of TIF has not been directly investigated(93).

Kidney Int. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gewin et al.

Page 9

Injured or hypoxic proximal tubule cells produce VEGF via activation of HIF-1a. This
growth factor could enhance peritubular capillaries density by directly promoting endothelial
cell survival and proliferation, thus counteracting the anti-angiogenic action of
thrombospondin-1. In support of VEGF’s role protecting peritubular capillaries, kidney-
derived mesenchymal stem cells home to the injured kidney tubulointerstitium, promote
tissue repair, and reduce peritubular capillary rarefaction via secretion of VEGF(94).
Moreover, in late stages of the remnant kidney model characterized by loss of VEGF
expression by either the glomerular or tubulointerstitial component, VEGF administration
results in the preservation of peritubular capillaries and amelioration of tubulointerstitial
injury (95, 96). Although these studies support a protective role of VEGF in preventing
peritubular capillary rarefaction, the levels of VEGF need to be tightly controlled as VEGF
can lead to the formation of functional as well as defective angiogenesis. To this end,
excessive production of this growth factor promotes the formation of leaky and
nonfunctional vessels, thus resulting in a hypoxic and highly oxidative environment.
Moreover, VEGF is also a potent pro-inflammatory mediator and, paradoxically, could
exacerbate the fibrotic response by promoting macrophage extravasation to the site of injury.
Although a direct link between excessive VEGF production and formation of leaky and non-
functional peritubular capillaries has not been made, one could speculate that the levels of
VEGF produced by either tubular and/or infiltrating cells might determine the beneficial vs.
deleterious effects of this factor in the stability of peritubular endothelium and amelioration
of TIF.

In addition to VEGF, other locally produced factors have been shown to exert a ‘double edge
sword’ effect on peritubular endothelium stability and enhancement of fibrotic responses. In
this regard, PDGF-B secretion by injured tubular cells can ameliorate capillary rarefaction
and stability by promoting pericyte recruitment to the vasculature, but, at the same time, it
can also promote matrix production thus contributing to fibrosis. Similarly, FGF-2, produced
by fibroblasts, tubular or endothelial cells, can enhance both VEGF-mediated pro-
angiogenic and fibroblast-driven pro-fibrotic effects. A comprehensive list of factors
involved in the regulation of angiogenesis and capillary regression in chronic kidney disease
is reviewed by others(91).

Crosstalk between the peritubular endothelium and pericytes is another critical cellular
communication that mediates TIF progression. The close proximity between endothelial
cells and pericytes, which are in direct contact with endothelial cells through breaks in the
capillary basement membrane, facilitates bidirectional crosstalk that supports capillary
stability through growth factors like PDGF-B and VEGF-A (97, 98). Pericytes augment
VEGF-A signaling within endothelial cells, thus enhancing their survival (99). However,
inhibiting the VEGF-A receptor VEGFR2, primarily expressed by endothelial cells, protects
against UUO-mediated microvascular rarefaction (100). This paradoxical finding may be
explained by the fact that UUO-induced injury changed the specific VEGF isoforms
expressed from the pro-angiogenic VEGF164 to the anti-angiogenic VEGF120/188,
providing a putative mechanism whereby blocking VEGF signaling protects the injured
microvasculature(100).
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Endothelial/pericyte crosstalk after injury is also altered by disruptions in angiopoietins 1/2.
Pericytes produce angiopoietin 1, a growth factor that stabilizes the microvasculature by
acting on the endothelial Tie2 receptor. After renal injury, endothelial-derived
angiopoietin-2, an antagonist of angiopoietin-1, increases(101) and this could lead to
increased capillary leak and pericyte loss, as observed in cardiac tissue(102). On the other
hand, augmenting angiopoietin-1 levels protected the vasculature and ameliorated
proteinuria and TIF in murine models of diabetic nephropathy and UUO, respectively(103,
104). Thus, renal injury alters endothelial/pericyte crosstalk through VEGF signaling,
angiopoietins, and other factors not discussed in this review (e.g. ephrinB2, TIMP/MMPS)
(105) which induces pericyte loss and endothelial damage that likely promotes TIF through
capillary rarefaction.

Conclusions

Much recent attention has focused on the role of activated fibroblasts in the progression of
TIF as they are the primary producers of extracellular matrix. However, the injured epithelial
cell is a potent producer of pro-fibrotic and pro-inflammatory cytokines that promote tubular
atrophy and also crosstalk with inflammatory cells, endothelial cells and fibroblasts (Figure
1). Thus, therapeutic approaches that only target mesenchymal cells may not address the
important roles these other compartments also play in TIF progression. The growth factors
that mediate this injurious crosstalk between injured epithelia and interstitial cells clearly
play a vital role in CKD progression. However, most of these cytokines exert both beneficial
and harmful effects depending upon their site of production, concentration, and target cell
types. Thus, further investigation to elucidate the mechanisms of crosstalk that drive tubular
atrophy, ECM accumulation, and loss of capillary density is necessary for more effective
therapies to halt TIF progression of CKD.
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Figure 1. Schematic representation of crosstalk among kidney tubular epithelial cells, fibroblasts,
endothelial cells and inflammatory cells that could lead to the progression of chronic kidney
disease

Injured epithelial cells produce HIF-1a that promotes epithelial cell dedifferentiation as well
as VEGF production. This growth factor, in turn, promotes macrophage recruitment to the
site of injury and stimulates endothelial cell proliferation leading to leaky vessels. Injured
epithelial cells can also produce other growth factors such as CSF-1, a potent
chemoattractant for monocytes that can then differentiatite into dendritic cells or
macrophages. Injured epthelial cells can also produce PDGF and TGF-p which promote
fibroblast proliferation and fibroblast to myofibroblast differentiation. Finally, fibroblasts
can produce thrombospondin-1 that, in addition to activating TGF-p, inhibits endothelial cell
proliferation contributing to capillary rarefaction.
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List of cytokines and growth factors produced by epithelial cells described in this review and some of their

effects in the progression of chronic kidney disease

epithelial production of ECM

FACTOR EFFECT REFERENCES
pro-fibrotic 7
tubular cell dedifferentiation

TGF-B fibroblast to myofibroblast differentiation | 23-25,30
pro-fibrotic

PDGF fibroblast proliferation 34,36
fibroblast to myofibroblast differentiation
pro-fibrotic
recruitment of pericytes

Hh fibroblast proliferation 39,40,43
pro-fibrotic

CTGF fibroblast proliferation 31
pro-fibrotic

Wnt fibroblast to myofibroblast differentiation | 49,50

MCP-1 mobilization of macrophages 74-76

RANTES mobilization of macrophages 75,77

CSF-1 macrophage recruitment and proliferation | 79,80
polarization into an M2 phenotype

CX3CL1 macrophage recruitment and adhesion 81,82
survival of pro-fibrotic macrophages

Thrombospondin-1 | activation of TGF-B 92
anti-angiogenesis

VEGF endothelial cell proliferation and survival | 94-96
macrophage recruitment

TIMP fibroblast proliferation 54,55
fibroblast to myofibroblast differentiation

Lcn2 fibroblast production of ECM 52,56
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