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Abstract

Aim: Erythropoietin (EPO) is regulated by hypoxia-inducible factor (HIF)-2.
In the kidney, it is produced by cortico-medullary perivascular interstitial cells,
which transdifferentiate into collagen-producing myofibroblasts in response to
injury. Inhibitors of prolyl hydroxylase domain (PHD) dioxygenases (HIF-PHIs)
activate HIF-2 and stimulate kidney and liver EPO synthesis in patients with
anemia of chronic kidney disease (CKD). We examined whether HIF-PHIs can
reactivate EPO synthesis in interstitial cells that have undergone myofibroblast
transdifferentiation in established kidney fibrosis.

Methods: We investigated Epo transcription in myofibroblasts and character-
ized the histological distribution of kidney Epo transcripts by RNA in situ hybrid-
ization combined with immunofluorescence in mice with adenine nephropathy
(AN) treated with HIF-PHI molidustat. Lectin absorption chromatography was
used to assess liver-derived EPO. In addition, we examined kidney Epo transcrip-
tion in Phd2 knockout mice with obstructive nephropathy.

Results: In AN, molidustat-induced Epo transcripts were not found in areas
of fibrosis and did not colocalize with interstitial cells that expressed a-smooth
muscle actin, a marker of myofibroblast transdifferentiation. Epo transcription
was associated with megalin-expressing, kidney injury molecule 1-negative
nephron segments and contingent on residual renal function. Liver-derived EPO
did not contribute to serum EPO in molidustat-treated mice. Epo transcription
was not associated with myofibroblasts in Phd2 knockout mice with obstructive
nephropathy.

Conclusions: Our studies suggest that HIF-PHIs do not reactivate Epo transcrip-
tion in interstitial myofibroblasts and that their efficacy in inducing kidney EPO
in CKD is dependent on the degree of myofibroblast formation, the preservation
of renal parenchyma and the level of residual renal function.

© 2022 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd

Acta Physiologica. 2022;00:€13826.
https://doi.org/10.1111/apha.13826

wileyonlinelibrary.com/journal/apha 10f13


www.wileyonlinelibrary.com/journal/apha
https://orcid.org/0000-0001-5064-2616
mailto:﻿
https://orcid.org/0000-0002-7051-8994
mailto:volkerhhaase@gmail.com

KOBAYASHI ET AL.

SaBB A\ -TA PHYSIOLOGICA

KEYWORDS

anemia, chronic kidney disease, erythropoietin, hypoxia-inducible factor, molidustat, prolyl

hydroxylase domain

1 | INTRODUCTION

Anemia is a major complication of advanced chronic kid-
ney disease (CKD), as its prevalence increases with CKD
stage." A major contributing factor to the pathogenesis of
anemia of CKD is relative erythropoietin (EPO) deficiency,
that is, the inadequate production of kidney-derived EPO
in response to a given degree of hypoxia or anemia, which
decreases oxygen delivery in blood and is from here on
referred to as anemic hypoxia.” “Pseudo-normoxia,” the
notion that renal EPO-producing cells (REPC) sense “suf-
ficient oxygen” due to reduced epithelial oxygen demand
when glomerular filtration rate (GFR) is decreased,’® and
transdifferentiation of REPC into collagen-producing my-
ofibroblasts in response to injury have been proposed as
the two major underlying mechanisms.” The latter results
in a reduction of the number of interstitial cells that have
capacity to produce EPO, and has been associated with a
suppression of EPO transcription by inflammatory cyto-
kines, and with repressive epigenetic marks in regulatory
regions of the EPO gene.*’

EPO is regulated by hypoxia-inducible factor (HIF)-2
and is produced by interstitial perivascular fibroblasts and
pericytes in the kidney and by hepatocytes in the liver.*’
HIF-2 belongs to a family of heterodimeric transcription
factors that consist of an oxygen-regulated a-subunit, HIF-
«, and a constitutively expressed f-subunit, HIF-B.'° The
prolyl hydroxylase domain (PHD) dioxygenases, PHD1,
PHD2, and PHD3, function as the oxygen sensors of the
HIF pathway and utilize molecular O, and 2-oxoglutarate
as substrates for the hydroxylation of HIF-a. HIF-o hydrox-
ylation initiates binding to the von Hippel-Lindau (VHL)
ubiquitin ligase complex, resulting in its ubiquitylation
and subsequent proteasomal degradation.!! Under hypoxic
conditions or in the presence of small molecule inhibitors,
the hydroxylation of HIF-a is reduced and HIF-a subunits,
which are continuously synthesized by cells, become de-
tectable and translocate to the nucleus. In the nucleus,
HIF-o heterodimerizes with HIF-1 to form the HIF tran-
scription factor, which activates gene transcription and
regulates multiple biological processes that help cells to
adapt to and survive in hypoxic environments.'?

HIF-PHD inhibitors (HIF-PHIs) belong to a new class of
anemia drugs that activate HIF-2 signaling and stimulate
the production of endogenous EPO in kidney and liver."
Although HIF-PHIs have been shown to induce kidney
Epo transcription in models of CKD or inflammation,'*"

the cellular phenotype and the histologic distribution of
renal interstitial cells that respond to pharmacologic HIF-
PHD inhibition with EPO synthesis remain ill-defined in
CKD. Genetic studies have suggested that PHD inactiva-
tion may preserve EPO production in interstitial cells that
have undergone transition to myofibroblasts.”” However,
it is not clear whether pharmacologic HIF-PHD inhibition
can reactivate EPO production in myofibroblasts once fi-
brosis is established. Here, we took advantage of two dif-
ferent models of fibrotic kidney injury, adenine-induced
nephropathy (AN), and unilateral ureteral obstruction
(UUO0), to examine whether HIF-PHIs are capable of acti-
vating EPO synthesis in myofibroblasts.

2 | RESULTS

2.1 | HIF-PHI-induced EPO synthesis
colocalizes with non-injured proximal
nephrons in AN

To characterize EPO synthesis induced by pharmacologic
HIF-PHD inhibition in a model of anemia associated with
CKD, wild-type mice were fed a 0.25% adenine-containing
chow diet intermittently over a period of 9 weeks as previ-
ously described.” Mice developed chronic kidney injury,
which was associated with anemia, suggesting EPO defi-
ciency (Figure 1). To characterize EPO responses in mice
with AN, we performed phlebotomy to induce severe ane-
mia. Although kidney Epo mRNA and serum EPO levels
increased in response to worsening anemia in mice with
AN, the EPO response was diminished compared to con-
trol mice with similar degrees of anemia, which is consist-
ent with relative EPO deficiency (Figure 2 and Figure S1).
To examine whether anemic hypoxia has the capacity of
stimulating kidney EPO production in myofibroblasts, we
used multiplex RNA fluorescence in situ hybridization
(FISH) to examine to what degree Acta2, a marker of my-
ofibroblast transdifferentiation, was expressed in REPC.
Acta2 colocalized with Epo transcripts in 2.59% =+ 0.76% of
REPC in the adenine-fed group and 0.18% + 0.14% in the
control diet-fed group (n = 5 and 4, respectively; Figure 2).

We next investigated the effects of HIF-PHI molidustat,
which inhibits of all three PHD isoforms,'**! on kidney EPO
production in mice with AN. To rule out differences in renal
drug delivery, kidney tissue concentrations of orally adminis-
tered molidustat were determined by liquid chromatography
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FIGURE 1 Adenine nephropathy

is associated with anemia. Schematic
overview of the adenine feeding protocol.
Representative images of kidney sections
from control (Co) diet-fed or adenine
diet-fed mice analyzed with hematoxylin
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MS and found to be comparable between adenine- and con-
trol diet-fed mice (6.14 + 0.62 pmol/mg tissue for adenine
diet vs. 6.72 & 1.33 pmol/mg tissue for control; n = 7 and 5,
respectively). Compared with vehicle-treated mice, molidu-
stat induced kidney Epo transcription, the number of REPC
and serum EPO concentrations in control diet-fed and to a
lesser degree in mice with AN (Figure 3A,B). Acta2*Epo*
renal interstitial cells represented 2.99% + 1.35% of REPC
in the adenine-fed group and 0.53% =+ 0.29% in the control
diet-fed group (n = 5 and 7, respectively; Figure 3B). These
results are consistent with our data in mice with AN sub-
jected to phlebotomy and suggest that EPO synthesis follow-
ing either hypoxic or pharmacologic HIF-PHD inhibition is
not significantly associated with cells that have undergone
myofibroblast transdifferentiation.

To characterize the spatial distribution of EPO synthe-
sis induced by HIF-PHI molidustat, we used RNA-FISH. In
molidustat-treated control mice, Epo-expressing cells were
predominantly found in the outer stripe of the outer me-
dulla (OSOM) and inner and midcortex, whereas the ma-
jority of REPC in adenine-fed mice was localized to areas
with preserved kidney architecture in the midcortex. For
the analysis, we divided cortex and OSOM into three zones
of equal width, zones A, B, and C, with zone A represent-
ing the OSOM and zone C representing the outer kidney
cortex (Figure 3B). 32.1% + 7.5% of REPC in the AN co-
hort were found in zone A versus 55.5% + 9.0% for control,
53.3% + 9.3% in zone B versus 37.9% + 7.2% for control, and
14.6% + 6.7% in zone C vs. 6.6% + 3.4% for control, which
suggested that the localization of REPC had shifted from OM

towards the cortex in mice with AN. To further characterize
the histologic distribution of REPC in AN, we combined
multiplex RNA-FISH with immunofluorescence staining
(IF) to simultaneously visualize Epo transcripts with the ex-
pression of renal differentiation and injury markers. REPC
were exclusively found in the proximity of tubular structures
that expressed megalin, a marker of differentiated proximal
tubules. In contrast, Epo transcripts were not detected in
the proximity of megalin-negative tubular structures that
expressed kidney injury molecule-1 (KIM1), a marker of
proximal renal injury,” whereas a small fraction of REPC
was detected in the proximity of tubular structures that co-
expressed megalin and KIM1 (Figure 4).

2.2 | HIF-PHI-induced EPO synthesis is
dependent on residual renal function and
degree of fibrosis

To examine to what degree HIF-PHI-induced EPO syn-
thesis was dependent on renal function and/or extent of
fibrosis, mice were fed adenine-containing chow inter-
mittently over a period of 6 weeks and then treated with
orally administered molidustat for an additional 3 weeks
while either continuing on adenine-containing chow
(feeding protocol A) or receiving control diet (feeding
protocol B); the 9-week feeding protocols are outlined in
Figure 5A. Prior to molidustat treatment (6-week time
point), adenine-fed mice developed kidney injury, which
was associated with anemia. BUN levels were significantly
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FIGURE 2 EPO synthesis induced by anemic hypoxia is not associated with myofibroblast transdifferentiation in severe AN. A,

Schematic overview of the adenine feeding protocol, and timing of phlebotomy and analysis (asterisk) of control (Co) diet-fed or adenine

diet-fed mice. Serum EPO (sEPO) and relative kidney erythropoietin (Epo) transcript levels in individual mice in relation to hematocrit

(Hct) before (pre) or after (post) phlebotomy-induced anemia. Kidney Epo was determined by qPCR in a subset of mice from the SEPO

cohort. The number of experimental animals per group is shown in brackets. B, Representative images of multiplex RNA fluorescence in

situ hybridization detecting Epo and a-smooth muscle actin (Acta2) transcripts in kidneys from phlebotomized mice and quantification of

Epo-expressing cells (n = 4-5). Red arrows depict Epo*Acta2™ cells, a Epo*Acta2” cell is depicted by the white arrow, blue arrows depict

Epo~Acta2” cells (vascular smooth muscle cells in control). Scale bar, 50 um. Data are represented as mean +SEM; non-linear regression

analysis; “p <0.001. Student's t-test. AN, adenine nephropathy

elevated compared with control (64.5 + 3.9 mg/dl vs.
23.93 + 0.92 mg/dl in control; n = 12 and 11, respectively,
p <0.001), while mean Hct was 37.36% + 0.85% versus
49.0% + 0.42% in control diet-fed; n = 21-22, p <0.0001. At
study completion (9-week time point), average BUN levels
were 179.1 + 25.23 mg/dlin vehicle- and 192.0 + 22.29 mg/
dl in molidustat-treated mice for the protocol A cohort
(n = 4 and 5, respectively, p <0.001), whereas BUN lev-
els in the protocol B cohort did not change significantly
compared to the 6-week time point (43.18 + 3.15 mg/dl
for vehicle-treated and 45.51 + 5.59 mg/dl for molidustat-
treated mice; n = 5 and 6, respectively). These findings
indicated that kidney injury was more severe in mice sub-
jected to feeding protocol A compared to mice in protocol
cohort B and was not significantly affected by molidustat
treatment. The differences in severity of chronic kidney
injury between mice completing protocol A and mice
in protocol B were mirrored in the degree of extracellu-
lar matrix collagen deposition as shown by Masson's tri-
chrome staining, ACTA2 immunohistochemistry (IHC;

10.75% + 0.97%/mm? in protocol A vs. 5.35% + 0.93%/
mm? in protocol B; n = 3 each, p <0.05), and transcript
levels of Collal and adhesion G protein-coupled receptor
E1(F4/80; Figure S2 and Figure 5A).

Serum EPO and kidney Epo mRNA levels suggested
increased responsiveness to molidustat in mice from pro-
tocol B compared to protocol A (Figure 5B,C). Because
molidustat can stimulate EPO production in the liver,"
we used lectin absorption chromatography to determine
the relative contributions of kidney and liver-derived EPO
to total serum EPO.* The percentage of migrated isoforms
(PMI), which assesses the contribution of liver-derived
EPO, was <20 and not different between protocols A and
B, suggesting that liver-derived EPO did not significantly
contribute to the serum EPO pool in HIF-PHI-treated
mice (Figure 5C). This is furthermore reflected in non-
detectable liver Epo transcript levels in both groups (data
not shown). At the end of week 9, treatment with molidu-
stat increased Hct in the protocol B cohort but not in the
protocol A cohort (Figure 5B).
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FIGURE 3 Characterization of EPO responses in mice with severe AN treated with HIF-PHI molidustat. A, Schematic overview of the

adenine feeding protocol, timing of HIF-PHI administration (molidustat 10 mg/kg), and timing of analysis (asterisk). Serum erythropoietin

(sEPO) levels and relative kidney erythropoietin (Epo) mRNA levels in whole kidney homogenates in control (Co) diet-fed and adenine

diet-fed groups. Numbers of experimental animals (n) are indicated below the graph. B, Quantification of Epo-expressing cells with or

without a-smooth muscle actin (Acta2) co-expression and relative histological distribution of Epo-expressing cells by zones (n = 4-7).

Representative images of multiplex RNA fluorescence in situ hybridization detecting Epo and Acta2 transcripts in kidneys from control diet-
fed and adenine-fed C57BL/6 mice. Epo transcripts were annotated with red circles; Epo*Acta2* cells were annotated with yellow circles to
provide an overview of Epo”* cell distribution at low magnification; glomeruli were annotated with blue circles. The outer stripe of the outer
medulla and kidney cortex were divided into three zones of equal width (A, B, and C). Right panel, quantification and zonal distribution of
Epo* cells . Data are represented as mean + SEM; two-way ANOVA for (A) and Mann-Whitney test for (B); *p <0.05, 'p <0.01, ¥p <0.001. p

values inside graphs (A) by Student's ¢-test. AN, adenine nephropathy; HIF-PHI, hypoxia-inducible factor-prolyl hydroxylase inhibitor

2.3 | EPO synthesis induced by genetic
Phd2 inactivation is not associated with
myofibroblast transdifferentiation in
UUO kidneys

To provide additional evidence that REPC which have
undergone transdifferentiation can no longer be stimu-
lated to synthesize EPO, we targeted the HIF-PHD axis
in an experimental model of rapidly progressing fibrosis
and myofibroblast transdifferentiation induced by UUO.**
Fibrosis in this model is associated with a significant sup-
pression in kidney EPO production (Figure S3). We tar-
geted the main PHD dioxygenase PHD2 in forkhead box
D1 (FOXD1)-derived interstitial perivascular fibroblasts,
which were tagged with enhanced green fluorescent pro-
tein (EGFP) encoded by the ROSA26-ACTB-tdTomato,-Egfp

allele (Figure 6A).2%" Phd2 inactivation in FOXD1 line-
age cells occurs during kidney development and results
in constitutive HIF-2« stabilization and activation of Epo
transcription in ~60% of FOXD1-derived renal interstitial
cells in adult mice.®® Significant kidney injury was re-
flected by severe histopathologic changes, elevated Collal
and Kim1 mRNA levels, and ACTA2 expression compared
to contralateral (CTL) non-obstructed kidneys (Figure 6B
and Figure S4). The number of REPC/area as determined
by RNA-FISH was 196.9 + 54.6 cells/mm? in UUO ver-
sus181.7 + 34.5 cells/mm? in CTL kidneys (n = 7), which
was also reflected in comparable whole kidney Epo tran-
script levels (Figure 6C). In line with UUO-induced pro-
liferation and transdifferentiation of renal interstitial cells
was the increase in the number of interstitial cells express-
ing Egfp and Acta2, respectively (Figure 6C). Acta2 was
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FIGURE 4 HIF-PHI-induced EPO synthesis in CKD anemia colocalizes with non-injured proximal nephrons. Simultaneous
visualization of erythropoietin (Epo) transcripts, megalin, and kidney injury molecule 1 (KIM1) by combined RNA fluorescence in

situ hybridization and immunofluorescence staining (IF). Representative images of kidney sections from control diet-fed and adenine
diet-fed mice treated with a single dose of HIF-PHI molidustat, 4 h prior to analysis. Low power magnification images, Epo transcripts
were annotated with yellow circles to facilitate overview of Epo™ cell distribution. Scale bar, 1 mm. High power magnification images,

representative areas with megalin-expressing proximal tubules (1), KIM1-expressing tubular structures (2), and absence of megalin

and KIM1 IF staining (3). Scale bar, 100 pm. Red arrows depict megalin-expressing proximal tubules; green arrows depict areas with

KIM1-expressing tubules; white arrows depict Epo transcripts associated with megalin-expressing tubules; blue arrows identify KIM1"/

megalin™ tubules; yellow arrows depict Epo transcripts associated with KIM1*/megalin® tubules. HIF-PHI, hypoxia-inducible factor-prolyl

hydroxylase inhibitor

detectable in ~20% of FOXD1 stroma-derived Egfp* inter-
stitial cells, of which 19.9% + 7.9% were Acta2™ and did not
express Epo, whereas only 0.7% + 0.3% co-expressed Acta2
and Epo, indicating that Acta2-expression is not associated
with EPO synthesis in renal interstitial cells (Figure 6C).

3 | DISCUSSION

In this report, we spatially mapped EPO-producing cells
in fibrotic kidneys from mice treated with HIF-PHI moli-
dustat and asked whether pharmacologic HIF-PHD inhi-
bition could activate EPO transcription in myofibroblasts.
Our data demonstrate that EPO synthesis in fibrotic

kidneys is restricted to tissue areas with preserved kid-
ney architecture and is not associated with myofibroblast
transdifferentiation or areas of fibrosis. Our studies sug-
gest that HIF-PHI-induced EPO synthesis in CKD requires
the presence of intact non-injured renal parenchyma and
is dependent on the degree of fibrosis and residual renal
function (Figure 7).

Relative EPO deficiency plays a key role in the devel-
opment of anemia of CKD. Other contributing factors
include absolute and functional iron deficiency, inflam-
mation, uremia, and shortened erythrocyte life span.?
A major question in the field has been as to what de-
gree pharmacologic HIF-PHD inhibition is capable of
stimulating EPO production in interstitial cells and/or
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FIGURE 5 EPO synthesis induced by pharmacologic HIF-PHD inhibition is dependent on the degree of fibrosis and residual renal
function. A, Schematic overview of adenine feeding protocols A and B and timing of oral HIF-PHI administration (molidustat 10 mg/kg/
day, three times weekly); asterisk indicates time point of analysis. BUN levels for individual treatment groups at 6 weeks (prior to HIF-PHI
administration) and 9 weeks (end of study; n = 10-11 for control diet cohorts, n = 12 for adenine diet cohort at 6 weeks, n = 4-6 for adenine
cohorts at 9 weeks). Right panels, representative images of kidney sections from HIF-PHI-treated, adenine diet-fed mice. Kidney sections
were analyzed by Masson's trichrome stain and by combined RNA fluorescence in situ hybridization and immunofluorescence staining for
simultaneous visualization of erythropoietin (Epo) transcripts, megalin, and kidney injury molecule 1 (KIM1). Asterisks depict glomeruli,
red arrows depict megalin-expressing tubules, and green arrows depict KIM1-expressing tubules. Epo transcripts were annotated with
yellow circles to facilitate visualization of Epo* cells. Scale bars, 200 um. Lower panels, adhesion G protein-coupled E1(F4/80) and collagen
type I alpha 1 (Collal) transcript levels in whole kidney homogenates from control (Co) diet- and adenine diet-fed mice at the end of study
(n = 4-5). B, Kidney Epo transcript levels and Hct values at 6 weeks and end of study (n = 4-6 for Epo mRNA, n = 4-12 for Hct panels). C,
Left panel, serum erythropoietin (SEPO) levels following elution from filter paper (n = 4-6); right panel, percentage of migrated isoforms
(PMI) assessing the fraction of liver-derived EPO in mice with AN subjected to feeding protocol A or B (n = 3-11). Foxd]—Epo_/ - (Epo"/ D)
mice, which cannot produce kidney-derived EPO due to Epo gene inactivation in renal interstitial cells but produce liver EPO, were treated
with HIF-PHI GSK1002083A as previously described and used as control for liver-derived EPO (n = 3 for Epo™~ control, n = 11 for control
diet cohort, n = 3-5 for adenine diet cohorts).?® Data are represented as mean + SEM; one-way or two-way ANOVA, Mann-Whitney test for
SEPO in panel C; *p <0.05, 'p <0.01, ¥p <0.001. HIF-PHI, hypoxia-inducible factor-prolyl hydroxylase inhibitor; tiw, three times weekly
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FIGURE 6 EPO synthesis induced by genetic Phd2 inactivation is not associated with myofibroblast transdifferentiation in UUO
kidneys. A, Schematic illustration of the experimental protocol; asterisk indicates the time point of analysis. B, Representative images of
Masson's trichrome staining of CTL and UUO kidneys from Foxdl-mT/mG-Phd2™/~ mice at day 8 post-UUO. Scale bar, 100 um. Right
panels, relative levels of collagen type I alpha 1 (Collal) and kidney injury molecule 1 (Kim1) transcript levels in whole kidney homogenates
(n = 5-6). C, Multiplex RNA fluorescence in situ hybridization detecting enhanced green fluorescent protein (Egfp), erythropoietin (Epo),
and a-smooth muscle actin (Acta2) transcripts in sections of CTL and obstructed (UUO) kidneys from Foxd1-mT/mG-Phd2~'~ mice. Red
circles depict Egfp*Epo*, green arrows Egfp*, and blue arrows Egfp*Acta2” cells; asterisk depicts a glomerulus. Scale bar, 100 um for low
magnification and 10 um for high magnification images. Right panels, relative Epo transcript levels in whole kidney homogenates; Epo*,
Egfp™, and Acta2* cell numbers/mm? in CTL and UUO kidneys from Foxd1-Phd2™/~ mutant mice at day 8 following UUO (n = 7 for all
panels). Data are represented as mean + SEM; Student's {-test or two-way ANOVA; *p <0.05, 'p <0.01, *p <0.001. CTL, contralateral; UUO,
unilateral ureteral obstruction

myofibroblasts in fibrotic kidneys. We and other groups Under normoxic conditions, a small number of REPC
have previously shown that, in healthy kidneys, the ma- localize to the cortico-medullary region, whereas under
jority of perivascular interstitial fibroblasts and pericytes ~ hypoxic conditions, the number of REPC increases pro-
in cortex and outer medulla have the capacity to respond portionally to the degree of hypoxia and HIF-2 activation,
to hypoxia with HIF-2-dependent EPO synthesis.”®*  resulting in their widespread distribution throughout
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FIGURE 7 Stimulation of EPO synthesis in fibrotic kidneys following pharmacologic HIF-PHD inhibition. In healthy kidneys (A), a
small number of interstitial cells produces EPO at baseline; the number of REPC increases with HIF-PHI administration. In fibrotic kidneys

(B), REPC and/or interstitial cells with EPO-producing capacity transdifferentiate into extracellular matrix-producing myofibroblasts.

Peritubular interstitial cells that localize around healthy tubules can be stimulated by HIF-PHIs to produce EPO, whereas interstitial cells

localizing to areas with KIM-1 expressing injured renal tubules lose their ability to produce EPO and can no longer be stimulated to produce

EPO. HIF-PHI, hypoxia-inducible factor-prolyl hydroxylase inhibitor; KIM1, kidney injury molecule 1; REPC, renal EPO-producing cells

the entire cortex and outer medulla when hypoxia is
severe.”®?%31

REPC are derived from FOXD1 stromal cells, express
platelet-derived growth factor receptor beta, and display
molecular features associated with neural crest lineage
cells.?®3%3%33 The same perivascular interstitial cells can
also give rise to collagen-synthesizing ACTA2-expressing
myofibroblasts, as elegantly shown in UUO kidneys by
fate tracing studies with an Epo-cre transgenic line in a ge-
netic model of severe anemia.* In this report, we demon-
strate that in response to HIF-PHI administration or acute
hypoxic anemia, EPO production in fibrotic kidneys was
increased, although significantly less compared to healthy
kidneys. Previous cell tracing studies based on GFP ex-
pression (Epo-GFP transgene) suggested that pan-Phd
inactivation using Epo-cre preserved EPO production in
interstitial cells that had undergone transition to myofi-
broblasts.”® However, these genetic studies are difficult to
interpret given the dynamic expression and sensitivity of
the Epo-cre transgene to renal hypoxia and the relatively
long half-life of GFP that was used to trace EPO-producing

cells in this model.”® Our data suggest that myofibroblasts
are not capable of producing EPO, as co-expression of Epo
with myofibroblast marker Acta2 was only found in a very
small percentage of cells in two models of HIF-induced
EPO activation. Based on our studies, we propose that
once transdifferentiation has occurred, EPO synthesis can
no longer be induced by either genetic or pharmacologic
HIF-PHD inhibition.

Previous reports indicate that the mechanisms un-
derlying the development of relative EPO deficiency in
CKD are complex. REPC transitioning to myofibroblasts
are characterized by increased levels of NFkB activity
and transforming growth factor beta 1 (TGFB1) signal-
ing. Notably, suppression of NFkB signaling with glu-
cocorticoids and genetic disruption of TGFB1 receptor
2 function can protect from loss of EPO production in
injured kidneys.***** Furthermore, epigenetic repro-
gramming is likely to play an important role in EPO
regulation during kidney disease progression. An in-
crease in the expression of DNA methyl transferases
and hypermethylation of Epo 5'-regulatory elements
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has been reported to be associated with myofibroblast
transdifferentiation.*>333¢

Our studies in mice with AN indicate that pharma-
cologic HIF-PHD inhibition is effective in stimulating
EPO synthesis in Acta2-negative peritubular interstitial
cells that colocalize with megalin-expressing nephron
segments but not with KIM1-expressing tubular struc-
tures or areas of fibrosis. Whether EPO-deficiency in
CKD anemia can be entirely explained by myofibro-
blast transdifferentiation of renal interstitial cells is
not entirely clear. It has been suggested that “pseudo-
normoxia” results in relative EPO deficiency due to
diminished epithelial oxygen demand, because of the
decreased need for sodium reabsorption when GFR is
reduced. However, impaired metabolic efficiency,” and
the presence of tissue hypoxia, which has been postu-
lated to be a common final pathway in CKD progres-
sion, is difficult to reconcile with this concept.38 Taken
together our studies support the notion that relative
EPO-deficiency in CKD is a result of myofibroblast
transdifferentiation, rather than “pseudo-normoxia.”
However, we cannot completely exclude the possibility
that “pseudo-normoxia” plays a contributory role in the
pathogenesis of CKD anemia.

Our data suggest that the ability of HIF-PHIs to stimu-
late kidney EPO production is dependent on the degree of
myofibroblast differentiation and residual renal function
(Figure 7). Therefore, the ability to stimulate liver EPO
production would be an important attribute of HIF-PHI
compounds, as liver EPO production could compensate
for the diminished inducibility of EPO synthesis in se-
verely fibrosed kidneys. Although the kidney is the main
source of EPO in the adult under physiological conditions,
the liver produces EPO under severe hypoxic conditions.”
Liver-derived EPO can be biochemically distinguished
from kidney-derived EPO because of differential gly-
cosylation®® and has been detected in patients with ad-
vanced CKD, where the contribution of liver-derived EPO
to serum EPO correlated inversely with estimated GFR.*
Pharmacologic HIF-PHD inhibition has been shown to
stimulate liver EPO production in rodent models of CKD
anemia.” #3494 Although liver EPO production has not
been specifically examined in HIF-PHI clinical trials, the
notion of increased liver EPO production following HIF-
PHI administration in humans was first supported by a
single-dose phase 1 study of anephric patients treated
with compound FG-2206,** and has also been demon-
strated for compound TP0463518.% In our studies, we
did not detect significant amounts of liver-derived EPO
in serum from molidustat-treated mice with AN, which is
consistent with previous studies.'” Our findings have clin-
ical implications as they suggest that GFR-dependent dose
increases may be needed to stimulate the production of

sufficient amounts of endogenous EPO in CKD patients
treated with HIF-PHIs. This would be of particular rele-
vance for compounds that have little or no effect on liver
EPO production.

In summary, our data indicate that the ability of phar-
macologic HIF-PHD inhibition to stimulate EPO synthe-
sis in fibrotic kidneys is not unlimited and dependent on
the degree of myofibroblast transdifferentiation and pres-
ervation of renal parenchyma. Our findings provide ratio-
nal for clinical studies that evaluate the impact of residual
renal function on EPO responses and drug dosing in pa-
tients treated with HIF-PHIs.

4 | METHODS AND MATERIALS
4.1 | Animal procedures and drug
administration

All procedures involving mice were performed in ac-
cordance with NTH guidelines for the use and care of live
animals and were approved by the Vanderbilt University
Institutional Animal Care and Use Commiittee.

To model anemia of CKD in mice, 6-week-old male
C57BL/6 mice (The Jackson Laboratory, Bar Harbor, ME,
USA) were intermittently fed a 0.25% adenine-containing
chow diet (modified LabDiet 5001, 9GK9, TestDiet, St.
Louis, MO) up to 9 weeks, as previously described.>***
Standard chow (LabDiet 5001, TestDiet) was used as con-
trol diet. Mice were switched to control diet for 3 days
before sacrifice. Blood was drawn for analysis at the indi-
cated time points. The feeding schedules, time points of
drug administration, and time points of analysis are out-
lined in the respective figures.

Molidustat (Bay 85-3934, Cayman Chemical Co, Ann
Arbor, MI), which stabilizes both HIF-1a and HIF-2a and
has been approved for marketing in Japan,'**! was dis-
solved in 1% methylcellulose at 1 mg/ml and was admin-
istered by oral gavage at a dose of 10 mg/kg body weight,
4 hours prior to analysis. The timing of analysis is based
on previous reports by Flamme and colleagues.'*

Phlebotomy to induce anemic hypoxia was performed
twice by retro-orbital vein puncture, 24 hr and 6 h before
analysis. UUO was performed in 7- to 9-week-old male
and female mice as previously described.*> Cre-negative
littermates were used as control mice. Mice were analyzed
on day 8 after ureteral ligation.

4.2 | Generation and genotyping of mice

The generation and genotyping of mice carrying the Phd2
floxed allele has been described previously.® To target
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Phd2 in FOXD1 stroma-derived cells, mice carrying the
Phd2 floxed allele were bred to mice-expressing Cre-
recombinase under the control of the endogenous Foxd1
promoter,”’ generating Foxd1®™***; Phd2™" mice, as
previously decribed.?® To visualize targeted cells, mice also
expressed the Cre-reporter ROSA26-ACTB-tdTomato,-
Egfp allele, here referred to as the mT/mG allele.?®

4.3 | Collection and analysis of
blood samples

Serum was obtained from clotted blood by centrifuga-
tion using Microtainer tubes (BD Corporation, Franklin,
NIJ). Hect and serum EPO level were determined as de-
scribed previously.** BUN was measured with a colori-
metric detection kit (ThermoFisher, Waltham, MA). The
glycosylation pattern of EPO was analyzed as described
previously.*’ For this, ~50 pl of serum was spotted onto
Whatman 903 protein saver cards (MAIIA Diagnostics,
Uppsala, Sweden). EPO was then purified from the spotted
dried serum according to the manufacturer's instructions
and analyzed with a commercial kit (EPO Purification
Gel Kit for Blood and Isoform Distribution Kit, MAIIA
Diagnostics, Uppsala, Sweden).

4.4 | RNA analysis

RNA was isolated using the RNeasy kit according to the
manufacturer's protocol (Qiagen, Germantown, MD). For
quantitative real-time PCR, cDNA was prepared from 1 ug
of total RNA and analyzed using SYBR green or TagMan
PCR Master Mix on a CFX 96 platform (BioRad, Hercules,
CA). Primer sequences for the detection of Epo, Collal,
Kiml, F4/80, Phd3, Pgkl have been described previ-
ously.” #4644 186 'RNA was used to normalize mRNA.
For the quantification of mRNA expression levels, the rel-
ative standard curve method was used according to manu-
facturer's instructions (Bio-Rad, Hercules, CA).

4.5 | Morphologic analysis

Kidneys were removed and fixed overnight in 10% for-
malin and then embedded in paraffin. For morphologic
evaluation, kidney sections were analyzed by hematoxylin
and eosin or Masson's trichrome staining using standard
protocols. THC for ACTA2 and cluster of differentiation 31
(CD31) antigen were performed as described previously.*®
For the simultaneous visualization of Epo transcripts and
KIM1 and/or megalin, anti-KIM1 polyclonal antibody
(AF1817 at 1:100 dilution, R&D Systems, Minneapolis,
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MN) and anti-megalin polyclonal antibody (ab76969 at
1:1000 dilution, Abcam, Cambridge, UK) were used.

4.6 | RNA fluorescence in situ
hybridization

Acta2, Egfp, and Epo transcripts were detected in formalin-
fixed, paraffin-embedded kidney sections of compara-
ble sectioning plane by RNA-FISH using the RNAscopeQ
Multiplex Fluorescent kit according to the manufacturer's
instructions (Advanced Cell Diagnostics, Hayward, CA).
Tissue slides were imaged on an Apiro Versa 200 auto-
mated slide scanner (Leica Biosystems, Buffalo Grove, IL).
Images were captured using the Leica Digital Image Hub
and overlaid with a 100pm grid. Cells were counted man-
ually in 5-10 random fields per tissue section (0.16 mm?)
in cortex and outer medulla by a blinded operator as
previously reported.” Cell counts were expressed as the
average number of cells per mm? per animal and then av-
eraged for each group.

4.7 | Statistical analysis

Experimental animal numbers were derived from experi-
ence with the procedures, the anticipated effect size, and
from a statistical power analysis using an alpha-level of
0.05 with a power of at least 80%. Data were collected in a
blinded fashion. Normal distribution of data was assessed
by the D’Agostino & Pearson omnibus, Shapiro-Wilk, or
KS normality tests. Data are reported as mean + SEM.
Statistical analyses were performed with Prism 6 soft-
ware (GraphPad Software Inc., San Diego, CA) using
Student's t-test, Mann-Whitney test, and one-way or two-
way ANOVA for multiple group comparisons followed by
Tukey's post hoc analysis. p values of <0.05 were consid-
ered statistically significant.
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