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Autosomal dominant polycystic kidney disease (ADPKD)
mainly results from mutations in the PKD1 gene, which
encodes polycystin 1. It is the most common inherited
kidney disease and is characterized by a progressive
bilateral increase in cyst number and size, often leading to
kidney failure. The cellular energy sensor and regulator
adenosine monophosphate stimulated protein kinase
(AMPK) has been implicated as a promising new
therapeutic target. To address this hypothesis, we
determined the effects of a potent and selective clinical
stage direct allosteric AMPK activator, PXL770, in canine
and patient-derived 3D cyst models and an orthologous
mouse model of ADPKD. PXL770 induced AMPK activation
and dose-dependently reduced cyst growth in principal-
like Madin-Darby Canine Kidney cells stimulated with
forskolin and kidney epithelial cells derived from patients
with ADPKD stimulated with desmopressin. In an inducible,
kidney epithelium-specific Pkd1 knockout mouse model,
PXL770 produced kidney AMPK pathway engagement,
prevented the onset of kidney failure (reducing blood urea
by 47%), decreased cystic index by 26% and lowered the
kidney weight to body weight ratio by 35% compared to
untreated control Pkd1 knockout mice. These effects were
accompanied by a reduction of markers of cell proliferation
(-48%), macrophage infiltration (-53%) and tissue fibrosis
(-37%). Thus, our results show the potential of direct
allosteric AMPK activation in the treatment of ADPKD and
support the further development of PXL770 for this
indication.
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Translational Statement

Adenosine  monophosphate activated protein kinase
(AMPK) has emerged as a target of interest for the treat-
ment of autosomal dominant polycystic kidney disease
(ADPKD). PXL770 is a clinical stage direct and specific
allosteric AMPK activator; it has shown translation of
several effects of AMPK activation from rodent models to
humans (with nonalcoholic fatty liver disease and with
diabetes). Here, PXL770 demonstrated efficacy in vitro in
human cysts obtained from a patient with ADPKD as well
as in vivo in a well-validated ADPKD mouse model that has
shown translation to humans for tolvaptan, the only
approved drug for ADPKD. These results suggest that
PXL770 is a promising candidate for the treatment of
ADPKD.

utosomal dominant polycystic kidney disease
A (ADPKD) is the fourth leading cause of kidney failure

and the most common inherited kidney disease.'
Mutations in either Pkdl or Pkd2 genes are causal.”” ADPKD
is characterized by progressive increases in cyst number and
size, mainly originating from renal collecting ducts® " cyst
burden is directly correlated with the progression of kidney
dysfunction” and most patients develop end-stage renal dis-
ease by the age of 60 to 70 years.'’ Tolvaptan, a vasopressin
2 receptor antagonist, is the only drug approved for ADPKD;
it has moderate efficacy'’ but is burdened by tolerability and
safety issues including polyuria and the potential for severe
liver toxicity.>"'

ADPKD pathophysiology involves increases in cyclic aden-
osine monophosphate, elevated mammalian target of rapa-
mycin (mTOR) activity, and Ca®" reduction.” The cellular
energy sensor and regulator adenosine monophosphate acti-
vated protein kinase (AMPK) is a target for chronic kidney
disease'”'” and is specifically implicated as a promising target
for the treatment of ADPKD.'* AMPK phosphorylates and
inhibits the cystic fibrosis transmembrane conductance regu-
lator chloride channel,”'® and it may also decrease cyclic
adenosine monophosphate by phosphorylating and activating
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phosphodiesterase 4B."” Activation of the target of rapamycin
(mTOR) complex 1 (TORC1) has been emphasized as a driver
of ADPKD."* AMPK inhibits TORCI activity via dual phos-
phorylation of tuberous sclerosis complex 2 and the regulatory-
associated protein of mTOR.'® By promoting mitochondrial
metabolism, AMPK activation could counteract the metabolic
reprogramming that occurs in cystic tissue, which favors aer-
obic glycolysis.'” >’ In addition, overnutrition and diabetes
(associated with reduced AMPK tone) are known to potentiate
ADPKD progression; in contrast, caloric restriction (known to
activate AMPK) attenuates cyst growth.”” Furthermore,
defective mitochondria biogenesis promotes disease progres-
sion'“***° and AMPK activation increases biogenesis through
multiple pathways including increasing the expression of
peroxisome proliferator—activated receptor y coactivator 1-0.
(PGC-1a).">*>?” Finally, cyst enlargement also leads to the
production of cytokines, chemokines, and growth factors
contributing to inflammation and fibrosis.”**” AMPK activa-
tion reduces inflammation and fibrosis in multiple tissues.*®

Activation of AMPK with 2-deoxy-p-glucose™ or metfor-
min, a nonselective and weak indirect activator,'*"** or with
salsalate,”” a prodrug of salicylate that activates AMPK, were
reportedly associated with beneficial effects in ADPKD pre-
clinical models. However, these approaches may not qualify
for long-term clinical use because of anticipated adverse ef-
fects, inadequate potency, and a lack of specificity. To date, the
effects of any small molecules that directly and specifically
bind to and activate AMPK have not yet been tested.

PXL770 is a potent, direct, and highly selective small
molecule, activating AMPK allosterically by binding to the
allosteric drug and metabolite site. In addition, it prevents
AMPK from dephosphorylation by protein phosphatase 2C."
PXL770 shows a substantially higher potency for AMPK
complexes that contain the B1 subunit; this is important in a
context of kidney disease, as the AMPK a.2B1y1 complex is
predominantly expressed in the kidney of both humans and
rodents.* PXL770 is the first direct AMPK activator to have
progressed to clinical efficacy studies. In 2 trials involving
subjects with nonalcoholic fatty liver disease, we have recently
shown the evidence of adequate safety, suitable pharmacoki-
netics, and systemic target engagement.” "’

Here, we assessed the effects of PXL770 on in vitro cyst
growth using established cell-based models and we studied
in vivo effects in a tamoxifen-induced Pkdl knockout mouse
model. The results of these studies yielded important evi-
dence of efficacy, collectively establishing preclinical valida-
tion for direct AMPK activation in ADPKD, suggesting that
PXL770 is a promising clinical candidate for the treatment of
this severe genetic form of chronic kidney disease.

METHODS

Principal-like Madin-Darby Canine Kidney (pIMDCK) cyst
model

Principal-like Madin-Darby Canine Kidney cells’® were cultured at
37 °C, 21% O,, and 5% CO, in a modified Eagle minimal essential
medium, containing “Earle’s balanced salt solution,” 2 mM
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L-glutamine, 10% heat shock—inactivated fetal calf serum, 50 IU/ml
of penicillin, and 50 pg/ml of streptomycin. Cell viability was
assessed as described in Supplementary Methods. For cyst formation,
principal-like Madin-Darby Canine Kidney cells were trypsinized
and resuspended as a single-cell suspension of 10* cells/ml in Type I
collagen solution (PureCol, CellSystems GmbH) before being
transferred to 24-well plates. Next, cell culture medium was added,
containing either 10 pM forskolin (Sigma) or 10 UM forskolin plus
PXL770 (Poxel SA). PXL770 and metformin (Sigma) were dissolved
in dimethylsulfoxide. The experiments were performed over a 5-day
period of exposure to drug or control medium. Thereafter, photos
were taken in 4 different areas of each well (at 0, 3, 6, and 9 o’clock)
using the Zeiss Primovert microscope with the Zeiss Axiocam 105
color camera (both Zeiss Microscopy). Then, cyst diameters were
measured with Image] software (version 1.48; https://imagej.net/ij/
index.html). By assuming a spherical shape of the cysts, volumes
were calculated by the use of the formula (4/3)7r’. The investigators
were blinded to the experimental conditions.

Human ADPKD cyst model

Human kidney cells were obtained via nephrectomy from a patient
with ADPKD (Pkdl mutation: ¢.5622G>A p.Trp1874*; kindly
provided by the Leiden University Medical Center). Cells were
mixed with PrimCyst-Gel (Crown Bioscience Netherlands BV).
The cell-gel mixture was then pipetted to 384-well plates to a final
cell density of 450 cell clusters per well. After gel polymerization,
cell culture medium was added. Cells were grown in the gel matrix
for 24 hours, after which newly formed cysts were exposed for 48
hours to vehicle (0.2% dimethylsulfoxide plus phosphate-buffered
saline), 2.5 UM desmopressin (ddAVP [1-desamino-8-d-arginine-
vasopressin], Tocris) to induce cyst swelling, 2.5 UM desmopressin
plus PXL770 or tolvaptan (Merck) or metformin (Selleckchem) at
given concentrations, or 0.25 UM staurosporine (Selleckchem).
Cysts were fixed with 4% formaldehyde (Sigma Aldrich), per-
meabilized with 0.2% Triton X-100 (Sigma-Aldrich), and stained
with 0.25 pM rhodamine-phalloidin (F-actin staining, Sigma-
Aldrich) and 0.1% Hoechst 33258 (nuclei staining, Sigma-
Aldrich) for 2 days. Imaging was done using ImageXpress Micro
XLS (Molecular Devices). For each well, ~35 images in the Z
direction were made for both channels, capturing the whole z
plane for the whole well in each image. Image analysis was per-
formed using Ominer software (Crown Bioscience Netherlands
BV). The automated calculation of cyst area and cytotoxicity was
performed as previously described”” (details in Supplementary
Methods).

Western blot analysis

Principal-like Madin-Darby Canine Kidney cells were cultured as
described above with 10 UM forskolin until reaching a confluency
of 70% to 80%, followed by a 24-hour treatment with 50 pUM
PXL770.

Human cysts were cultured as described above in 6-well plates to
a final cell density of 1 million cells per well; 25 pM of PXL770 was
added in the presence of 2.5 UM desmopressin.

Proteins were extracted for Western blot experiments. Proteins
were transferred on a membrane (Millipore) and probed with pri-
mary antibodies against phosphorylated AMPK (p-AMPK; #2535;
Cell Signaling), AMPKa. (#2532; Cell Signaling), phosphorylated
acetyl-CoA carboxylase (p-ACC; #3661; Cell Signaling), and ACC
(#3676; Cell Signaling).
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Mouse model of ADPKD

Standard operating procedures and methods described in the
AAALAC accreditation guide and approved by the animal exper-
imentation committee were used. The tamoxifen-inducible, kid-
ney epithelium—specific Pkdl deletion mouse model carrying the
loxP-flanked conditional alleles of Pkdl (KspCad-CreER™,
Pkd1'°*1°%) was described previously.”® Twenty-two male mice per
group were treated with tamoxifen (150 mg/kg by oral gavage) on
postnatal days 18, 19, and 20 (“Pkdl conditional knockout [cKO]
mice”). PXL770 treatment (Poxel SA), 75 mg/kg twice daily or
vehicle (0.5 w/v% carboxymethylcellulose with Tween 80 [98/2]),
was administered by oral gavage starting at postnatal day 42. One
group of 10 mice (designated as wild type [WT]) did not receive
tamoxifen and was treated only with vehicle. Blood urea was
measured weekly starting at postnatal day 75 by using the urea
Reflotron Plus reagent strip (Roche). All mice with blood urea
levels >20 mmol/l were considered at high risk of developing
end-stage renal disease and were killed for ethical reasons when
meeting this criterion. When ~50% of untreated Pkdl cKO mice
reached this threshold, all remaining mice were killed. Kidneys
were removed, weighed for the calculation of 2-kidney to body
weight ratio, and snap frozen in liquid nitrogen or fixed in 4%
formaldehyde.

Morphometric analyses. Left kidneys were sectioned in the
transverse direction and stained using hematoxylin and eosin. The
slides were scanned digitally using the SLIDEVIEW VS200 scanner
(Olympus). The region of interest comprising the whole kidney cortex
was defined using Image] software (version 1.53) and the Cintiq
13HD creative pen display (Wacom). Normal tubule space and cystic
area were separated by defining diameters of noncystic tubules <50
pm using Image] software. The whole cortex cyst area was then
divided by the whole cortex area and defined as the cystic index.

Immunohistochemistry experiments were performed to quanti-
tate cell proliferation (Ki67 antibody), macrophage infiltration (F4/
80 antibody), and fibrosis (Sirius red coloration). The relative
abundance of collecting duct versus proximal tubule cells was also
assessed using Dolichos biflorus agglutinin (DBA) and Lotus-
tetragonolobus lectin, respectively. Details are provided in
Supplementary Methods.

Western blot analysis. Homogenates from 11 to 12 kidneys
per group were prepared using 1X lysis buffer containing phospha-
tase inhibitors (56508, Sigma) for Western blot experiments. Pro-
teins were separated using sodium dodecylsulfate—polyacrylamide gel
electrophoresis (7.5%) Bis/Tris, 3-(N-morpholino) propanesulfonic
acid running buffer. Separated proteins were transferred to poly-
vinylidene diflouride membranes. Nonspecific binding was blocked,
and membranes were probed with antibodies against phospho-
T172AMPK  (#2535; Cell Signaling), AMPKa (#2532; Cell
Signaling), phospho-ribosomal protein S6 kinase (p70S6K; #9234,
Thr389 antibody; Cell Signaling Technology), and p70S6K (#9202;
Cell Signaling Technology) or B-actin (#5125S, Cell Signaling
Technology).

Markers of mitochondrial content and biogenesis. Total DNA
was extracted from kidneys using the SpeeDNA Isolation Kit (Sci-
enCell Research Laboratories). The absolute copy number of mito-
chondrial DNA was quantified using the gPCR Assay Kit (ScienCell
Research Laboratories). Total RNA was extracted using the RNeasy
Kit (74106, Qiagen), and PGC-1d. mRNA levels were assessed using a
quantitative polymerase chain reaction (details in Supplementary
Methods).
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Statistical analysis

All results are expressed as mean + SEM. Statistical analysis was
performed with GraphPad Prism 9.2.0. Comparisons between
groups were done using 1-way analysis of variance followed by the
Tukey or Dunnett multiple comparison test when normal distri-
bution could be assumed; otherwise, the nonparametric Kruskal-
Wallis test was used. Comparisons between 2 groups used the
Student ¢ test. Results were considered statistically significant when
P < 0.05.

RESULTS

PXL770 inhibits pIMDCK cyst growth

pIMDCK cells resemble principal cells of the collecting duct,
form cysts within a collagen 1 matrix, and enlarge in the
presence of forskolin, an inducer of cyclic adenosine mono-
phosphate production.”® In this model, PXL770 activated
AMPK as indicated by increased phosphorylation of AMPK at
aT172 and ACC at Ser79 (Figure la). PXL770 dose depen-
dently and significantly inhibited pIMDCK cyst growth
compared to untreated cells (-30%, -65%, and -82% at 10, 25,
and 50 UM, respectively; Figure 1b and c) with no change in
the number of dead cells (Supplementary Figure SI1A). In
contrast, 10 UM metformin had no effect on cyst growth
while higher concentrations (100 UM and 1 mM) elicited only
modest inhibitory effects on cyst growth compared with
PXL770 (Figure Ic).

PXL770 inhibits cyst growth with cells derived from patients
with ADPKD

The potential of PXL770 to affect human cyst growth was
assessed using post-nephrectomy kidney cells obtained from a
patient with ADPKD. These cells form cysts when cultured in
a 3-dimensional environment with stimulation by addition of
desmopressin (ddAVP) promoting cyst swelling.”® PXL770
significantly inhibited cyst growth at 15 and 25 UM (~-40%
vs. ddAVP control; Figure 2a and b), with complete cyst area
normalization at 50 UM (Figure 2a and b). The calculated
50% inhibitory concentration (IC50) was 12 PUM. Similar
results were achieved with tolvaptan, although only the
highest concentration of 5 UM was statistically significant. In
contrast, metformin had no effect on cyst growth
(Supplementary Figure S2). No cell death with PXL770 or
tolvaptan was observed (Supplementary Figure S1B). The
direct effect of PXL770 on cell proliferation was also assessed
in this system by counting the number of nuclei per cyst to
evaluate the cell number (Supplementary Figure S3A). As
expected, ddAVP significantly induced cell proliferation as
measured by the increase in the number of cells by 32%
compared with control dimethylsulfoxide. PXL770 at 50 M
produced a significant effect to prevent proliferation induced
by ddAVP. Tolvaptan also prevented cell proliferation induced
by ddAVP at the highest concentration. Similar to canine cells,
PXL770 (25 pM) significantly increased the phosphorylation
of ACC by 3.2-fold compared with vehicle control (Figure 2c)
while there was a trend toward increased phosphorylation of
AMPK at aT172 (Supplementary Figure S3B). These data are
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Figure 1| Effect of PXL770 on principal-like Madin-Darby Canine Kidney (pIMDCK) cyst growth. (a) Relative protein level quantification
and representative Western blot of phosphorylated adenosine monophosphate stimulated protein kinase (AMPK) (pAMPK) and
phosphorylated acetyl-CoA carboxylase (pACC) in pIMDCK cells in the presence of 10 uM forskolin (FSK) or 10 uM FSK + 50 M PXL770. The
control pAMPK to AMPK ratio and pACC to acetyl-CoA carboxylase (ACC) ratio levels were set at 100%. (b) Representative photos. Bar = 100
um. (c) Relative pIMDCK cyst volumes after 5 days within a collagen | matrix with 10 M FSK (control) or 10 pM FSK + 10 uM, 25 uM, or 50 uM
PXL770. The mean volume of ~ 1000 cysts and 4 wells per condition from 6 individual experiments (each dot). Control cyst volume was set at
100%. n = 5 to 6 individual experiments. Data are expressed as mean =+ SEM of all individual experiments. *P < 0.05, **P < 0.01, ****P < 0.0001
versus control. To optimize viewing of this image, please see the online version of this article at www.kidney-international.org.

consistent with the effects of PXL770 being an allosteric
activator of AMPK where increases in oT'172 phosphorylation
are not required for activation™ (reviewed in Steinberg and
Carling%).

PXL770 improves renal health in mice with ADPKD

Next, we assessed the effects of PXL770 in a well-established
mouse model of ADPKD with tamoxifen-inducible, kidney
epithelium—specific Pkd1 deletion.”**”* The study was per-
formed according to the design illustrated in Figure 3a. Mice
were Kkilled for ethical reasons at variable time points when
the blood urea level reached 20 mM, indicating a high risk of
progression to kidney failure. The study was terminated when
50% of mice from the Pkdl cKO control group reached this
threshold (Supplementary Figure S4). After 62 days of treat-
ment, only 2 of 22 PXL770-treated mice had to be killed in
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contrast to 11 of 22 mice in the Pkdl cKO control group
(Figure 3b). At the time of killing, the mean urea levels for
Pkdl ¢KO control mice were substantially and significantly
higher (+105%) than those for WT mice; in PXL770-treated
mice, kidney function was markedly improved relative to cKO
controls (urea -47%; Figure 3c). Throughout the study,
treatment with PXL770 was well tolerated with no abnormal
behavior or evidence of adverse effects. In addition, at the
initiation or completion of the treatment period, there were
no significant differences in body weight between any of the 3
groups of mice (Supplementary Figure S5). Furthermore, in
contrast to metformin, which was shown to increase plasma
lactate in PkdI-deficient mice,"’ PXL770 had no such effect
(Supplementary Figure S6); this is consistent with its direct
AMPK activation compared with metformin, which disrupts
mitochondrial function.

Kidney International (2023) 103, 917-929
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Figure 2| Effect of PXL770 on human cyst growth. (a) Representative images. Bar = 200 pm. Red: cytoskeleton/F-actin; blue: nucleus/4',6-
diamidino-2-phenylindole. (b) Cyst areas of 3-dimensional-cultured cysts from kidney cells from patients with autosomal dominant polycystic
kidney disease (ADPKD), unstimulated, stimulated with 2.5 UM 1-desamino-8-arginine vasopressin (ddAVP), or treated with 2.5 UM ddAVP +
0.5 to 50 uM PXL770 or 0.005 to 5 M tolvaptan. Cyst size is normalized on the basis of unstimulated (set at 0%) and stimulated (set at 100%).
The mean area of at least ~2700 cysts per condition from 2 individual experiments. n = 6 to 20 replicates per condition. (c) Relative protein
level quantification and corresponding Western blot of phosphorylated acetyl-CoA carboxylase pACC/acetyl-CoA carboxylase (ACC) in human
cysts in the presence of ddAVP or ddAVP + 25 uM PXL770. Data are expressed as mean fold change versus control + SEM of individual
replicates. n = 3 replicates; 1 individual experiment. *P < 0.05, ****P < 0.0001 versus control ddAVP. DMSO, dimethylsulfoxide. To optimize
viewing of this image, please see the online version of this article at www.kidney-international.org.

PXL770 improves cystic disease parameters in mice with
ADPKD

This model is characterized by overt kidney cysts and
increased kidney weight.”>”” In our study, kidney weight and
kidney histology in control ¢cKO mice reflected a substantial
degree of disease pathology (Figure 4a and b). This was
manifested by a significant higher mean 2-kidney to body
weight ratio (+524% vs. WT; Figure 4b) and an increase in
the ratio of kidney cortex cyst area to total parenchyma—the

Kidney International (2023) 103, 917-929

cystic index was 32% versus <2% in WT mice (Figure 4c).
PXL770 treatment significantly attenuated kidney weight in-
creases with a mean reduction in 2-kidney to body weight
ratio of -35% compared to Pkdl cKO control mice
(Figure 4b). The calculated cystic index was also significantly
improved in response to PXL770 compared to Pkdl cKO
control animals (-26%; Figure 4c).

To further investigate potential changes in histo-
morphometry of renal tubules, we stained kidney sections to
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selectively examine collecting duct (DBA) versus proximal
tubule (Lotus-tetragonolobus lectin)-related epithelial cells. In
line with the concept that cysts mainly originate from col-
lecting ducts, we found that there was a substantial increase in
DBA-positive cysts (and in the ratio of DBA-positive vs. Lotus-
tetragonolobus lectin—positive staining) in Pkdl c¢KO mice
compared with WT mice (Figure 4d). PXL770 partially
normalized this disease-associated phenotype by reducing the
area of DBA-positive cysts in the cortex compared to Pkdl cKO
mice (Figure 4d).

PXL770 attenuates cell proliferation, macrophage infiltration,
and fibrosis in mice with ADPKD

Increased cyst-associated cell proliferation,
infiltration, and fibrosis contribute to disease progression.
In untreated Pkdl cKO control mice, blinded assessments of
staining with specific antibodies revealed statistically signifi-
cant increases in proliferating cell nuclear Ki67 antigen—
positive cells (a marker of cell proliferation), F4/80-positive
cells (a marker of macrophage infiltration), and Sirius red—
positive tissue (a marker of fibrosis) compared with WT

macrophage
28,41
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mice (Figure 5a—c). All these 3 changes were significantly
attenuated by PXL770: -48% in Ki67 antigen—positive cells,
-53% in F4/80-positive cells, and -37% in fibrosis staining
(Figure 5a—c).

The cystic index values from individual mice were well
correlated (Supplementary Figure S7) with the above-noted
indices of cell proliferation and fibrosis and, to a lesser de-
gree, with macrophage infiltration—potentially because of the
rather mild degree of inflammation observed and described in
this model.”>*

PXL770 activates AMPK, reduces mammalian (m)TORC1
activation, and improves mitochondrial biogenesis in mice
with ADPKD

In PkdI cKO mice, chronic treatment with PXL770 significantly
increased phosphorylation of AMPK at aT172 (pAMP-
KaT172) in the kidney compared with vehicle control
(Figure 6a). pAMPKaT172 is increased in response to eleva-
tions in adenosine monophosphate and adenosine diphos-
phate, which are likely to be elevated during tissue collection.*”
Therefore, in contrast to the human cell system

Kidney International (2023) 103, 917-929
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Figure 4| Effect of PXL770 on kidney weight and cystic parameters in Pkd1 conditional knockout (cKO) mice. (a) Representative
images of hematoxylin and eosin-stained kidney sections from each treatment group. Bar = 2.5 mm. For each group, the image
corresponding to the median cystic index is shown. (b) Ratio of 2-kidney weight to body weight (2KW/BW). (c) Cystic index. Wild-type (WT)
mice: n = 10; Pkd1 cKO control mice: n = 22; PXL770-treated cKO mice: n = 22. *P < 0.05, **P < 0.01, ****P < 0.0001 versus Pkd1 cKO control
mice. (d) Immunofluorescence staining with the proximal tubule marker Lotus-tetragonolobus lectin (LTL; red) or the collecting duct marker
Dolichos biflorus agglutinin (DBA; green) with DBA to LTL signal ratio in the renal cortex. Bar = 1 mm. WT mice: n = 3; Pkd1 cKO control mice:
n = 8; PXL770-treated cKO mice: n = 8. *P < 0.05, **P < 0.01, ***P < 0.001 versus Pkd1 cKO control mice. To optimize viewing of this image,
please see the online version of this article at www.kidney-international.org.

(Supplementary Figure S3B), increases in pAMPKaT172 with
PXL770 are likely due to protection from dephosphorylation as
described previously.”

Activation of mTORCI is an important driver of ADPKD
pathophysiology.”'* As AMPK inhibits mTORCI activity, we
further assessed pathway engagement in the kidney of

Kidney International (2023) 103, 917-929

PXL770-treated mice by measuring phosphorylation of the
mTORCI substrate p70S6K. Consistent with the activation of
AMPK, we observed a significant reduction in p70S6K
phosphorylation (-65% vs. Pkdl cKO control; Figure 6b) in
PXL770-treated mice. Primary supporting data are shown in
Supplementary Figure S8.
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Figure 5 | Effect of PXL770 on cell proliferation, macrophage infiltration, and fibrosis in Pkd1 conditional knockout (cKO) mice. (a) Left:

Analysis of the number of Ki67-positive cells per mm? of cortex tissue area. Right: Representative Ki67 staining. Bar = 100 pum. (b) Left: Analysis of
F4/80-positive area in relation to the whole cortex tissue area. Right: Representative F4/80 staining. Bar = 100 pm. (c) Left: Analysis of Sirius red—
positive tissue in relation to the whole cortex tissue area. Right: Representative Sirius red staining. Bar = 100 pm. Six images analyzed per slide.
Wild-type (WT) mice: n = 3; Pkd1 cKO control mice: n = 8; PXL770-treated cKO mice: n = 8. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
versus Pkd1 cKO control mice. To optimize viewing of this image, please see the online version of this article at www .kidney-international.org.
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Figure 6| Effect of PXL770 on adenosine monophosphate stimulated protein kinase (AMPK) activation and AMPK pathway
(mammalian target of rapamycin [mTOR] signaling) in Pkd1 conditional knockout (cKO) mice. (a) Quantification (relative to control in
percentage) of phosphorylated AMPK (pAMPK) to AMPK ratio. (b) Quantification (relative to control in percentage) of phosphorylated
ribosomal protein S6 kinase (p-p70S6K), total p70S6K, and p-p70S6K to p70S6K ratio. Pkd1 cKO control mice: n = 8 to 11; PXL770-treated Pkd1
cKO mice: n = 8 to 12. *P < 0.05 and **P < 0.01 versus Pkd1 cKO control mice.

Previous studies have indicated that PKD is associated with
a reduction in mitochondrial content.”* Consistent with these
findings, we observed that Pkdl ¢KO mice had a significant
reduction in mitochondrial DNA copy number (-34%;
Figure 7a) and PGC-1ot mRNA expression (-57%; Figure 7b)
compared with WT controls (Figure 7). PXL770 treatment
restored mitochondrial DNA copy number and PGC-la
mRNA expression in Pkdl cKO mice (Figure 7a and b).

DISCUSSION
AMPK has emerged as a central node in ADPKD pathogenesis
and is implicated as a potential therapeutic target.'”'**’ Here,
we achieved preclinical validation for the utility of selective
direct AMPK activation as a therapeutic approach. PXL770 is
a well-characterized, potent, and selective allosteric AMPK
activator,”® which has already demonstrated translation from
rodents to humans for several expected effects of AMPK
activation.””

The effect of PXL770 on in vitro cyst growth was assessed
in 2 species. The canine pIMDCK cell clone was chosen
given its well-characterized cyclic adenosine

Kidney International (2023) 103, 917-929

monophosphate—dependent cyst growth.” In addition,
patient-derived kidney cells were investigated. In both con-
texts, PXL770 reduced cyst growth without evidence of
cytotoxicity, which was coincident with a degree of AMPK
activation (2- to 4-fold) that is typical of that observed in
other cell-based assays.”” In both cellular cyst growth sys-
tems, PXL770 showed much greater potency and efficacy
compared with metformin. The effects of PXL770 on human
cyst growth were similar to those of tolvaptan; at higher
concentrations, both compounds also had an additional ef-
fect to attenuate ddAVP-induced cell proliferation. To our
knowledge, these are the first data showing human cyst—
related efficacy with a direct AMPK activator.

PXL770 was assessed in a long-term in vivo study using a
well-established orthologous and progressive mouse model of
ADPKD.” Here, the phenotypes were in agreement with
those described previously.”””** PXL770 produced a bene-
ficial effect to reduce kidney cyst growth with a predominant
effect on cysts originating from the collecting duct. This was
paralleled by attenuated increase in kidney weight. We also
observed a positive effect on kidney function with near
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Figure 7| Effect of PXL770 markers of mitochondrial content
and peroxisome proliferator-activated receptor y coactivator
1-a. (PGC-1a) gene expression in Pkd1 conditional knockout
(cKO) mice. (a) Mitochondrial quantity was measured in kidney
tissues by measuring the absolute copy number of mitochondrial
DNA. (b) Relative gene expression of PGC-1a. (a regulator of
mitochondrial biogenesis) was measured by reverse transcription—
quantitative polymerase chain reaction. Wild-type (WT) mice: n = §;
Pkd1 cKO control mice: n = 8; PXL770-treated cKO mice: n = 8.
**P < 0.01 versus Pkd1 cKO control mice.

normalization of mean blood urea levels at the time of killing
and a difference in time to kill based on study design. As
noted in Figure 3b, 91% of PXL770-treated mice reached
the 62-day study termination compared with only 50% in
the control ADPKD group. Thus, the effects of PXL770
may be underestimated because greater differences in the
above-noted parameters might have been achieved had all
mice been examined after killing at the same time point.
Although no tolvaptan control was included in our in vivo
study, our results are similar to those of this approved drug in
the same model.”

In ADPKD, cystic epithelial cells have increased rates of
proliferation.’ Cyst enlargement also leads to inflammation

(macrophage infiltration) and interstitial fibrosis."***>*!
AMPK activation can ameliorate inflammation and
fibrosis,”® and PXL770 reduced inflammation and
926

fibrogenesis in other disease settings.”” PXL770 also reduced
p70S6 kinase phosphorylation—a crucial pathway regulating
cell growth and proliferation”—in human stellate cells and
lowered de novo lipogenesis, which is elevated in PKD.'*
Therefore, it was notable that such effects could also trans-
late to ADPKD. Given effects of PXL770 on kidney inflam-
mation and fibrosis, along with the substantial improvements
in kidney function, we hypothesize that direct AMPK acti-
vation could address features of pathophysiology other than
cystogenesis per se. This concept is further supported by prior
reports demonstrating the efficacy of direct AMPK activation
in rodent diabetic nephropathy models.***> We also observed
a reduction in mitochondrial DNA and PGC-1a expression (a
driver of mitochondrial biogenesis) in kidneys of Pkdl cKO
mice that was restored by PXL770, indicating that AMPK
activation may affect disease progression, at least in part, by
preventing the loss of mitochondria. However, future studies
examining the effects of PXL770 on kidney mitochondrial
function and structure in mouse models of ADPKD are
warranted.

In a prior study, salsalate, a direct—but relatively weak—
AMPK activator achieved a similar degree of efficacy as
observed with PXL770.>> Salsalate is not selective for AMPK,
presents many other activities,"* >’ and may increase the risk
of acute kidney injury in patients with chronic kidney dis-
ease.”' Other studies explored metformin, an indirect AMPK
activator, for ADPKD.’” It has shown positive effects in
decreasing cyst development and slowing disease progression
in several preclinical models.”'> However, we recently showed
that metformin was not effective in a more progressive
ADPKD mouse model.”” Differences in models, dosage, route
of administration, and duration of treatment might account
for discrepant results. A small clinical trial (Trial of Admin-
istration of Metformin [TAME]) and more recently a ran-
domized, double-blind, placebo-controlled trial®® were also
designed to assess the efficacy of 2000 mg/d of metformin in
patients with ADPKD; however, these studies failed to pro-
duce positive results.”* Although these trials may have been
underpowered, it is also important to note several other
limitations pertaining to metformin. First, its indirect AMPK
activation mechanism involves inhibition of mitochondrial
complex 1,°>>°7 which might be deleterious in ADPKD. In
this regard, a recent report by Chang et al."’ also showed that
metformin-induced lactate accumulation promotes exacer-
bation in later disease stages of PkdI-deficient mice. Second,
metformin is not selective for AMPK; it also inhibits mito-
chondrial glycerol 3-phosphate dehydrogenase (mGPDH),””
modulates the microbiome,”” and increases growth and dif-
ferentiation factor 15 (GDF15)°”%"; thus, metformin affects
numerous cellular processes, several of which might
contribute to its positive (or negative) effects in ADPKD.
Third, consistent with our experience with metformin in cyst
assays, very high (>200 pUM) concentrations are typically
required to activate AMPK in cells and therapeutic doses of
metformin administered to treat diabetes are insufficient to
achieve these levels.'* Finally, metformin is renally cleared
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and its use is not indicted in more advanced stages of renal
insufficiency on the basis of the possible risk of lactic
acidosis.”"*

ADPKD remains a major cause of end-stage renal disease
and is associated with substantial additional unmet medical
needs.”'” Tolvaptan is the only approved pharmacological
treatment of ADPKD; given its moderate efficacy and known
liabilities, new therapeutic approaches are strongly desired.
Here, for the first time, we showed beneficial preclinical effects
of a direct and selective AMPK activator in ADPKD models.
These results confirm the potential utility of AMPK activation
for this disease and strengthen the idea to further develop
PXL770—a clinical stage molecule—for this indication.
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SUPPLEMENTARY MATERIAL

Supplementary File (PDF)

Supplementary Methods.

Supplementary Reference.

Supplementary Figure S1. Effect of PXL770 on cell toxicity. (A)
Relative number of principal-like Madin-Darby Canine Kidney
(pIMDCK) dead cells after incubation with 50 {M PXL770 for 24, 48,
or 72 hours. Control cells after lysis served as a positive control (Ctrl).
n = 3 replicates per condition. *P < 0.05 versus lysis. (B) Repre-
sentative image of 3-dimensional-cultured human cysts (cytoskel-
eton, F-actin) exposed with 2.5 UM staurosporine (stau) and
concentration effect of PXL770 and tolvaptan on the fraction of
dead cells. n = 6 to 20 replicates per condition; 2 individual ex-
periments. ***P < 0.001 versus stau.

Supplementary Figure S2. Effect of PXL770 and metformin on
human cyst growth. Cysts areas of 3-dimensional-cultured cysts from
kidney cells from patients with autosomal dominant polycystic kidney
disease, unstimulated, stimulated with 2.5 {M 1-desamino-8-arginine
vasopressin (ddAVP), or treated with 2.5 pM ddAVP + 5 to 25 uM
PXL770 or 10 to 1000 pM metformin or 0.05 to 5 UM tolvaptan. Cyst

Kidney International (2023) 103, 917-929

size is normalized on the basis of unstimulated (set at 0%) and
stimulated (set at 100%). n = 8 to 23 replicates per condition. ***P <
0.001, ****P < 0.0001 versus control ddAVP.

Supplementary Figure S3. Effect of PXL770 on the number of cells
(nuclei) per cyst and on adenosine monophosphate stimulated
protein kinase (AMPK) activation in human autosomal dominant
polycystic kidney disease (ADPKD) cysts. (A) Three-dimensional-
cultured cysts from kidney cells from patients with ADPKD,
unstimulated (dimethylsulfoxide [DMSO]), stimulated with 2.5 pM 1-
desamino-8-arginine vasopressin (ddAVP), or treated with 2.5 UM
ddAVP + 0.5 to 50 uM PXL770 or 0.005 to 5 UM tolvaptan. The
number of nuclei per cyst was counted and considered equal to the
number of cells (1 nucleus per cell). n = 6 to 20 replicates per
condition; 2 individual experiments. ****P < 0.0001 versus control
ddAVP or DMSO. (B) Relative protein level quantification and cor-
responding Western blot of phosphorylated AMPK (pAMPK)/AMPK
in human cysts in the presence of ddAVP or ddAVP + 25 puM
PXL770. Data are expressed as mean fold change versus control +
SEM + individual replicates. n = 3 replicates; 1 individual
experiment.

Supplementary Figure S4. Kinetic of blood urea level measured
during the study. *P < 0.05 versus cKO control.

Supplementary Figure S5. Kinetic of body weight of wild-type (WT),
Pkd1 cKO control, and PXL770-treated mice during the study. #P <
0.05, ##P < 0.01 versus WT. *P < 0.05 versus cKO control.
Supplementary Figure S6. Effect of PXL770 on plasma lactate in
Pkd1 cKO mice. Plasma lactate levels were determined using a
commercially available kit from HORIBA Medical (reference:
A11A01721). Pkd1 cKO control mice: n = 22; PXL770-treated cKO
mice: n = 22.

Supplementary Figure S7. Correlation between cystic index and cell
proliferation, macrophage infiltration, and fibrosis in Pkd1 cKO control
and PXL770-treated mice.

Supplementary Figure S8. Effect of PXL770 on adenosine
monophosphate stimulated protein kinase (AMPK) activation and
AMPK pathway (mTOR signaling) in Pkd1 cKO mice. (A)
Representative Western blot images (the samples in the box have
been excluded from the analysis because of protein degradation) and
quantification (relative to control in percentage) of phosphorylated
AMPK (pAMPK) to AMPK. (B) Representative Western blot images and
quantification (relative to control in percentage) of phosphorylated
ribosomal protein S6 kinase (p-p70S6K), total p70S6K, and p-p70S6K
to p70S6K ratio. Pkd1 cKO control mice: n = 8 to 11; PXL770-treated
Pkd1 cKO mice: n = 8 to 12. *P < 0.05, **P < 0.01 versus Pkd1 cKO
control mice.
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