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Abstract

Background Without a viable cure, chronic kidney disease is a global health concern. Inflammatory damage

in and around the renal tubules dictates disease severity and is contributed to by multiple cell types. Activated

in response to danger associated molecular patterns (DAMPs) including ATP, the NOD-like receptor protein-3 (NLRP3)
inflammasome is integral to this inflammation. In vivo, we have previously observed that increased expression of Con-
nexin 43 (Cx43) is linked to inflammation in chronic kidney disease (CKD) whilst in vitro studies in human proximal tubule
cells highlight a role for aberrant Cx43 hemichannel mediated ATP release in tubule injury. A role for Cx43 hemichannels
in priming and activation of the NLRP3 inflammasome in tubule epithelial cells remains to be determined.

Methods Using the Nephroseq database, analysis of unpublished transcriptomic data, examined gene expression
and correlation in human CKD. The unilateral ureteral obstruction (UUO) mouse model was combined with genetic
(tubule-specific Cx43 knockout) and specific pharmacological blockade of Cx43 (Peptide5), to explore a role for Cx43-
hemichannels in tubule damage. Human primary tubule epithelial cells were used as an in vitro model of CKD.

Results Increased Cx43 and NLRP3 expression correlates with declining glomerular filtration rate and increased
proteinuria in biopsies isolated from patients with CKD. Connexin 43-tubule deletion prior to UUO protected

against tubular injury, increased expression of proinflammatory molecules, and significantly reduced NLRP3 expres-
sion and downstream signalling mediators. Accompanied by a reduction in F4/80 macrophages and fibroblast spe-
cific protein (FSP17) fibroblasts, Cx43 specific hemichannel blocker Peptide5 conferred similar protection in UUO mice.
In vitro, Peptide5 determined that increased Cx43-hemichannel activity primes and activates the NLRP3 inflammas-
ome via ATP-P2X7 receptor signalling culminating in increased secretion of chemokines and cytokines, each of which
are elevated in individuals with CKD. Inhibition of NLRP3 and caspase 1 similarly decreased markers of tubular injury,
whilst preventing the perpetual increase in Cx43-hemichannel activity.

Conclusion Aberrant Cx43-hemichannel activity in kidney tubule cells contributes to tubule inflammation via activa-
tion of the NLRP3 inflammasome and downstream paracrine mediated cell signalling. Use of hemichannel blockers
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in targeting Cx43-hemichannels is an attractive future therapeutic target to slow or prevent disease progression

in CKD.

Keywords Connexins, Connexin 43, Hemichannels, Inflammation, Inflammasomes, Kidney disease, Tubulointerstitial

inflammation, Peptide 5

Background

Chronic kidney disease (CKD) is caused by the conver-
gence of fundamental mechanisms that underlie age-
related tissue dysfunction, including chronic “sterile”
NOD-like receptor protein-3 (NLRP3)-induced inflam-
mation [1] and cellular senescence [2]. Activation of
the NLRP3 inflammasome and our innate immune
response, is a major perpetrator of inflammatory dam-
age in both CKD ([3] and cardiovascular disease (CVD)
[4], with NLRP3 activation linked to renal injury-
induced cardiac dysfunction [5]. Tubulointerstitial
fibrosis (TIF) is the key underlying pathology of CKD
and develops in response to various morphological and
phenotypic changes, including partial epithelial-to-mes-
enchymal transition (p-EMT), inflammatory cell infil-
tration, fibroblast activation and extracellular matrix
(ECM) remodeling [6]. Culminating in inflammation
and fibrosis, these changes sit downstream of cell senes-
cence and its proinflammatory senescence associated
secretory phenotype (SASP) [7]. With the tubular epi-
thelium implicated as the primary site of both senes-
cence [8] and inflammation, drugs targeting senescent
cells [9] and the NLRP3 inflammasome [10] are receiv-
ing increased attention. However, although promising,
more information about safety, tolerability and off-
target effects of these drugs is required. Consequently,
urgent therapeutic approaches are required to alleviate
the burden of this debilitating disease.

Studies linking altered connexin (Cx) activity to
inflammation, [11] senescence [12] and fibrosis [13] sug-
gest that stabilising hemichannel and/or gap junction
mediated intercellular communication (GJIC), may pre-
vent the onset of inflammation across multiple disease
states. In the kidney, we previously reported that het-
erozygous Cx43"'~ mice (50% global deletion) exhibit
decreased tubular macrophage infiltration, and reduced
numbers of active fibroblasts when induced to exhibit
interstitial inflammation and fibrosis via unilateral ure-
teral obstruction (UUQO) [14]. Furthermore, loss of Cx43
expression protected against disassembly of the adher-
ens junction, a key trigger in initiation of those events
which underlie p-EMT [15]. In vitro, we determined that
these effects are mediated by high levels of adenosine
tri phosphate (ATP) and downstream purinergic signal-
ing, notably via activation of the P2X7 receptor (P2X7R).
Importantly, we determined the source of this ATP to

be Cx43 hemichannels, with Cx43 specific hemichan-
nel blocker Peptide 5 protecting against these effects in
injured human primary proximal tubule cells [16].
Building on these observations, Xu et al. recently
determined that Cx43 knockdown in renal tubules of
UUO-mice is paralleled by a reduction in purine metab-
olites in the urine [17]. Proximal tubules isolated from
sham mice had increased intracellular ATP as com-
pared to UUO mice alone, an effect which was damp-
ened when UUO mice were treated with Gap26 (a Cx43
peptide that blocks both gap junction and hemichannel
activity). Exogenous application of lipopolysaccharide
(LPS) and ATP to bone marrow derived macrophages
(BMDMs) stimulated macrophage Gasdermin D
cleavage, pyroptotic events triggered in response to
canonical (caspase 1) or non-canonical (caspase 4,5)
inflammasome activation and corroborated in vivo by
observations in which diminished tubule Cx43 expres-
sion paralleled a reduction in the number of Gasder-
min D F4/80 positive cells [17]. Interestingly, whilst
the studies by Xu et al. link altered tubule Cx43 expres-
sion to macrophage pyroptosis, observations across
several models of eye disease, associate aberrant Cx43
hemichannel activity to NLRP3 inflammasome acti-
vation [18, 19]. Consequently, with the incidence of
retinopathy and nephropathy inextricably linked [20],
here we utilise an in vivo model of advanced interstitial
inflammation and fibrosis and determine that genetic
deletion of tubule-specific Cx43 (Pax8-rtTA- cre:cx43
flox Cx437/7) or pharmacological inhibition of Cx43-
hemichannel activity using the Cx43 specific hemichan-
nel inhibitor Peptide5 [21], preserves tubule structure,
reduces interstitial fibrosis and attenuates NLRP3
inflammasome activity and inflammation in the face
of UUO. Importantly, we report a novel and direct role
for Cx43-hemichannel mediated activity in both prim-
ing and P2X7R-mediated activation of caspase 1 medi-
ated interleukin-1p (IL1PB) cleavage. Furthermore, we
determine that these events perpetuate sterile inflam-
mation through a vicious feed-back loop in which
NLRP3 activity exacerbates Cx43-hemichannel medi-
ated real time ATP release. In assessing downstream
implications of this dysregulated cell communication,
proteome array analysis determined a role for aberrant
Cx43-hemichannel mediated ATP the secretion of pro-
inflammatory mediators, effects partially blocked by
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Peptide5 and evidenced in vivo by reduced macrophage
infiltration and fibroblast accrual.

In summary, this study reports that aberrant Cx43-
hemichannel mediated ATP release primes and acti-
vates the NLRP3 inflammasome and that closing
Cx43-hemichannels protects against tubular damage
induced by this vicious feedforward cycle of events.
With Cx-hemichannel inhibitors already in clinical trial
for multiple morbidities of chronic inflammation [22],
delineating a role for Cx43-hemichannel activity in the
pathogenesis of TIF would undoubtedly open future
opportunities for clinical intervention in late-stage kid-
ney inflammation.

Methods

Materials

Primary human proximal tubule epithelial cells
(hPTECs) and human kidney (HK2) proximal tubule
cells were purchased from the American Type Culture
Collection (ATCC; LGC Standards), and tissue culture
supplies were purchased from Invitrogen (Paisley, UK).
Immobilon-FI PVDF membrane was from Millipore
(Watford, UK), whilst Odyssey blocking buffer and sec-
ondary fluorescent antibodies were purchased from
LI-COR (Cambridge, UK). Antibodies for NLRP3, inter-
leukin-18 (IL18), interleukin-6 (IL6), tumor necrosis
factor (TNFa), E-cadherin, N-cadherin, collagen I and
collagen IV were purchased from ABCAM (Cambridge,
UK). Antibodies for caspase 1 were purchased from Cell
Signalling Technology (Danvers, MA, USA), whilst anti-
bodies for fibronectin were obtained from SantaCruz
(Santa Cruz, CA, USA). Recombinant human transform-
ing growth factor beta 1 (TGF-f1) and non-hydrolysable
ATPyS were obtained from Sigma (Poole, UK), as were
all other general chemicals. Peptide5 and scrambled
Peptide5 were synthesized by SynPeptide Co (Shang-
hai, China). NLRP3 inhibitor CY-09, caspase 1 inhibitor
AC-YVAD-CMK and P2X7R inhibitor A438079 were
obtained from Bio-Techne (Abingdon, UK). SYBR Green
and RNeasy mini kits were purchased from QIAGEN
(Manchester, UK), whilst a high-capacity complemen-
tary (c)DNA reverse transcriptase kit was purchased
from ThermoFisher (Loughborough, UK). Primers
were synthesised by Invitrogen (Loughborough, UK).
ATP/Null biosensors were from Sarissa Biomedical Ltd
(Coventry, UK) and fluorodishes from World Precision
Instruments (Hertfordshire, UK).

Animal model - UUO/Pax 8 dox

All procedures regarding whole animal studies were in
accordance with the ARRIVE (Animal Research: Report-
ing In Vivo Experiments) guidelines 2.0 and within the
European Union Guidelines for the Care and Use of
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Laboratory Animals and approved by the local ethics
committee of INSERM. Animals were housed at a con-
stant temperature with free access to water and food.

Mice were male and of a C57BL/6 background.
Cx431¥/Mox mice were purchased from “the EMMA
-European Mouse Putant Archive- consortium” The
strain of Cx43 tubular-specific deletion was created as
previously described [23]. Briefly, Pax8-rtTA-LC1 were
interbred with Cx43flox mice (Pax8-rtTA-LC1/Cx431Y
floxy and Cx43 deletion in renal tubular cells was induced
by administering 0.2 mg/ml doxycycline in drinking
water, containing 2.5% sucrose for 4 weeks starting 1
month after birth. Then, 3—4-month-old mice were sub-
jected to unilateral ureteral obstruction (UUO) as already
described [14]. To examine the effect of Cx43 dele-
tion alone, sugar was administered to Pax8-rtTA-LC1/
Cx431o¥/x transgenic mice, serving as controls for up to
4 months. Finally, inhibition of Cx43 hemichannels was
assessed using Peptide5 intraperitoneal (I.P.) injections
twice daily for 9 days (9.3 mg/kg, 24 h after UUO). Pep-
tide5 is a Cx43 specific hemichannel blocker which binds
to the extracellular loop of Cx43 [21]. All mice were sac-
rificed at day 10.

Renal morphology, evaluation of interstitial fibrosis

and immunohistochemistry

Kidneys were fixed in formalin solution (4%) and embed-
ded in paraffin as already described [14]. Sections (4 mm
thick) were stained with Masson’s trichrome for histo-
logical evaluation. Interstitial fibrosis was assessed semi-
quantitatively on Sirius Red stained sections. Fibrosis
was then quantified using analysis morphometric soft-
ware (Olympus) that allowed the formation of a binary
image, in which the stained area could be automatically
calculated as percentage of the image area. Ten fields
per section that covered the entire cortex were ran-
domly selected. Tubular dilation was scored as previ-
ously reported [14]. Scoring was performed blind on
coded slides. Immunostaining for F4/80 (1:200, Serotec),
FSP1 (1:200, Abcam) and NLRP3 (1:200, AdipoGen) was
performed on paraffin embedded sections as already
described [24]. Immunofluorescence for Cx43 (1:200,
Sigma-Aldrich) was performed on methanol fixed cryo-
sections as previously reported [14]. Alexa Fluor second-
ary antibodies (1:500) were used for detection. Sections
were counterstained with Evans Blue. Negative controls
included omission of first antibodies or preincubation of
first antibodies with immunogenic peptides.

Human samples

Primary hPTECs were maintained in Renal Epithelial Cell
Basal Media from ATCC, supplemented with Renal Epi-
thelial Cell Growth Kit components (PCS-400-040) in a
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humidified atmosphere at 37 °C with 5% CO,. Cells were
treated with TGF-B1 or ATPyS+a 30-minute pre-incu-
bation with Cx43 hemichannel blocker Peptide5 (25pM)
or P2X7R antagonist A438079 (50uM —100uM) for 48
h. For real time ATP biosensing studies, human kidney
(HK2) cells (passage 18—30) were maintained in DMEM/
Hams F12 medium, supplemented with 10% foetal calf
serum, glutamine (2mmol/L) and epidermal growth
factor (5ng/mL), in a humidified atmosphere at 37 °C
with 5% CO,. Cells are proximal tubular epithelial cells,
immortalized by the transduction of human papilloma
virus 16 (HPV-16) E6/E7 genes and are mycoplasma-free.
Cells were seeded in low-glucose DMEM/F12 (5mmol/L)
for 48 h and serum-starved overnight prior to treatment
with TGF-B1 (2-10ng/mL) for 48 h, + a 30-minute pre-
incubation with Peptide 5 (25 pm), NLRP3 inhibitor
CY-09 (1-20uM) or caspase 1 inhibitor AC-YVAD-CMK
(0.1-10 pg/mL).

Nephroseq

We used unpublished publicly available datasets from the
Nephroseq database (www.nephroseq.org, University of
Michigan, Ann Arbor, MI, USA) to further examine gene
expression in both healthy human kidneys and in kidneys
from people with CKD. Expression data was obtained
from the ‘Nakagawa CKD Kidney’ [25] dataset in which a
total of 53 renal biopsies from individuals with CKD (48
in discovery cohort and 5 in validation cohort) and 8 con-
trols (5 in discovery cohort and 3 in validation cohort)
were analysed on Agilent Whole Human Genome Micro-
arrays (4x44k). Gene expression profiles were analysed
to identify genes that are differentially expressed between
individuals with CKD versus healthy controls. This data-
set was previously named Nakagawa CKD [25]. Correla-
tion of expression to proteinuria was performed using
data from the Schmid Diabetes TublInt study [26]. Gene
expression in 22 human renal biopsies were analysed
on an Affymetrix HG-U133A microarray. The samples
include tissues from 3 living donors (controls), 4 people
with minimal change disease, 4 cadaveric donors and 11
people with diabetic nephropathies. Sample data includes
sex, age, weight, glomerular filtration rate (GFR), and
diabetes type, among others. This dataset was previously
named Schmid Diabetes [26]. Correlation of gene expres-
sion to GFR was performed using data from the Ju CKD
2 dataset [27].

Total RNA extraction and quantitative real-time PCR

In vivo work

Total RNA was extracted from the renal cortex using
TRIzol reagent (Euromedex), RNA quality was checked
by control of optical density (OD) at 260 and 280 nm.
c¢cDNA was synthesized from 1 mg RNA using the
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Fermentas H Minus First-Strand ¢cDNA Synthesis Kit
according to the manufacturer’s instructions. Quanti-
tative PCR experiments were performed as previously
described [18]. Each sample was run in triplicate, and
analysis of relative gene expression was done using the
2 ~AACT method. Results are expressed in graphs as arbi-
trary units, which represent the ratio of the target gene
to the internal control gene hypoxanthine phosphoribo-
syl transferase (HRPT). Sequences of primers used in our
studies are listed in Table 1.

Primary hPTEC RNA

RNA was extracted using an RNeasy mini kit (QIA-
GEN), reverse transcribed (Invitrogen) and subjected to
quantitative real-time PCR (SYBR GreenER, Invitrogen)
using a StepOne Plus instrument (Applied Biosystems
Inc, Foster City, CA). RNA and cDNA concentrations
were measured using a Nanodrop. cDNA expression of
candidate genes was obtained by relative comparison to
a standard curve of serially diluted cDNA. Primers can
be found in Table 2. Dissociation (melt) curve analysis
confirmed primer specificity and checked for potential
contamination.

Western blotting

Protein isolation, separation by SDS-gel electrophoresis
and transfer onto Immobilon-Fl PVDF membranes was
performed as described previously [28]. Membranes were

Table 1 Mouse primers used

Gene Forward Primer Reverse Primer

ILTB CCACAGACCTTCCAGGAG GTGCAGTTCAGTGATCGTACAGG

AATG

IL6 GCTACCAAACTGGATATAATC CCAGGTAGCTATGGTACTCCA
AGGA GAA

MCP1T  GGCTGGAGAGCTACAAGAGG  CTCTTGAGCTTGGTGACAAAAA

NGAL CCATCTATGAGCTACAAGAGA  TCTGATCCAGTAGCGACAGC
ACAAT

KIMT  TCAGATTCAAGTCTTCATTTC CCCCCTTTACTTCCACATAAGAA
AGG

Cx43  GTGCCGGCTTCACTTTCA GGAGTAGGCTTGGACCTTGTC

VCAM  TGGTGAAATGGAATCTGAACC ~ CCCAGATGGTTTCCTT

HPRT ~ GGAGCGGTAGCACCTCCT CTGGTTCATCATCGCTAATCA

Table 2 Human primers used

Gene Forward Primer Reverse Primer

NRLP3 ggactgaagcacctgttgtgca tcctgagtctcccaaggcattc
LB ccacagaccttccaggagaatg gtgcagttcagtgatcgtacagg
IL18 gatagccagcctagaggtatgg ccttgatgttatcaggaggattca
GAPDH gtctcctctgacttcaacageg accaccctgttgctgtagecaa
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blocked with Odyssey blocking buffer (LI-COR). Specific
polyclonal antibodies were used to probe for NLRP3
(1:500), IL18 (1:1000), IL1B (1:500), IL6 (1:1000), TNFa
(1:1000), caspase 1 (1:500), fibronectin (1:2000), colla-
gen I (1:1000), collagen IV (1:1000), E-cadherin (1:500),
and N-cadherin (1:1000) in human lysate. Bands were
visualized using an OdysseyFC and semi-quantified using
ImageStudio (v5.2, LI-COR).

Proteome inflammation array

An inflammation antibody array (RnD systems) assessed
TGF-B1 induced regulation of 105 inflammatory mark-
ers in primary hPTECs and was performed by following
manufacturer’s instructions. Briefly, hPTECs were cul-
tured in low glucose DMEM/F12 (5mM) for 48 h, prior
to overnight serum-starvation, then subsequently stimu-
lated for 48 h with TGF-p1 (10ng/ml) + Peptide5 (25uM).
Cell supernatant was collected and incubated overnight
with pre-blocked membranes spotted in duplicate with
capture antibodies. An 800CW fluorescent streptavi-
din/biotinylated cocktail mixture was used to visualise
expression protein/antibody complexes using an Odys-
seyFC which was semi-quantified using ImageStudio
(v5.2, LI-COR).

Inflammasome caspase-glo 1 assay

Caspase 1 activity was assessed using the Caspase-Glo-1
Inflammasome Assay (Promega). hPTEC cells were
seeded onto a solid, white, clear bottomed 96-well plate.
After treatment with appropriate stimuli, the Caspase-
Glo 1 reagent was added (1:1), mixed, and left at RT for
1 h. Luminescence was measured using a Hidex Chame-
leon 4.42 with MikroWin 2000 v4.38 software. For initial
optimisation experiments, cells were pre-incubated with
the supplied specific caspase inhibitor AC-YVAD-CHO
(1uM).

Real time ATP biosensing

ATP biosensors (Sarissa Biomedical, Coventry UK) were
used as described previously [29]. A null biosensor was
used to account for non-specific electro-active artefacts.
Glycerol was included in all recording solutions at a satu-
rating concentration (2mM). HK2 cells were seeded onto
coverslips (10 mm diameter), treated as described above
and placed in a chamber containing Ca®*-containing BSS
perfused at 6ml/min (37 °C). After a 10 min acclimatisa-
tion period, ATP and null biosensors were bent and low-
ered so that the electrode laid parallel and close to the
cell monolayer. A calibration peak of known ATP con-
centration (10pM) was used in each recording to allow
for quantification. Recordings were acquired at 4 Hz
with a Micro CED (Mark2) interface using Spike (v8.17)
software.
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Carboxyfluorescein dye uptake

Primary hPTECs were cultured on fluorodishes (22 mm
diameter) in low glucose DMEM/F12 (5mmol/l) for 48
h, followed by overnight serum-starvation and subse-
quent treatment. For the following steps, a balanced
salt solution (BSS, pH 7) was used, comprising of NaCl
(137mM), KCl (54mM), MgSO, (0.8mM), Na,HPO,
(0.3mM), KH,PO, (0.4mM), NaHCO; (4.2mM), HEPES
(10mM) and glucose (5mM). A Ca®*-free BSS (zero
CaCl,+EGTA (1mM)) plus carboxyfluorescein (200pM)
solution was added for 10 min, which was subsequently
exchanged with Ca®*-containing BSS (1.3mM) plus car-
boxyfluorescein (200uM) for 10 min, then washed with
Ca**-containing BSS (12ml). Images were acquired with
a Cool Snap HQ CCD camera (Roper Scientific) and
Metamorph software (Universal Imaging Corp., Mar-
low, Bucks, UK). Image] was used to quantify dye uptake
by selecting a region of interest (ROI) around each cell
(approx. 10-15 cells/dish). Mean pixel intensity was
measured, with background fluorescence subtracted [30].

Statistical analysis

Data are presented as mean+SEM unless otherwise
stated, with further details of statistical analysis provided
in relevant figure legends. Analysis was performed using
GraphPad Prism v9.4 (GraphPad Software, CA, USA),
where statistical significance was calculated using analy-
sis of variance (ANOVA) or T-tests, as appropriate, with
Tukey post-hoc mean comparisons. Values of P<0.05
were considered significant.

Results

Deletion of tubular Cx43 protects against inflammation
and interstitial fibrosis following obstructive nephropathy
Using human datasets of renal transcriptomic data avail-
able on the Nephroseq repository (Fig. 1A-C), [25-27]
we assessed the expression of Cx43 in healthy (n=5) and
diseased (n=48) kidneys (IgA nephropathy, membranous
nephropathy, lupus nephritis, minimal change nephrotic
syndrome, membranoproliferative glomerulonephritis,
amyloidosis, antineutrophil cytoplasmic antibody-related
glomerulonephropathy, diabetic nephropathy and other
nephropathies) as encoded by GJAI gene expression
(Fig. 1a) and correlated this to parameters of renal func-
tion (Fig. 1b, c).

GJA1 expression was increased in diseased kid-
neys (n=48) versus healthy controls (Fig. la; GJAI,
P<0.0001), where increased GJAI expression positively
correlates to increased proteinuria (P<0.05) (Fig. 1b)
and declining GFR (P<0.0001) (Fig. 1c) in individu-
als with CKD respectively. With evidence that Cx43
is upregulated in CKD, and that our heterozygous
Cx43%~ UUO mouse model exhibits improved renal
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Fig. 1 Deletion of Cx43 in the proximal tubules preserves renal structure and protects against inflammation and fibrosis. Datasets published

on Nephroseq were examined for Cx43 expression. Analysis of a published transcriptomic dataset shows that GJAT expression increases in kidneys
from patients with CKD (n=48 with CKD and n=>5 normal controls: (a) and is positively correlated to proteinuria (b) and declining GFR L
Representative micrographs (d) and quantification of Masson’s Trichrome (tubular dilation) (e), Sirius Red (interstitial fibrosis) (), F4/80 (macrophage
abundance) (g) and FSP1* (fibroblast number) (h) staining demonstrate that inflammation and fibrosis is significantly ameliorated in UUO-Cx437~
mice as compared to UUO mice. All groups are n=5-12 unless otherwise specified, with ANOVA and Tukey post-test used for experimental
comparisons except for transcriptomic data where an unpaired t-test with Welch's correction was used. *P <0.05, **P < 0.01, ***P<0.001

and ****P<0.0001

structure and diminished inflammation [14], we uti-
lised our newly established tubule-directed Pax8-rtTA-
cre:cx43 flox Cx43~/~ mouse model to determine the
effect of Cx43 tubule deletion prior to unilateral ureteral
obstruction (UUO). Tubule-directed Cx43~/~ deletion
was induced by doxycycline prior to UUO (Additional
Fig. la). Mice were euthanized (n=4-11 per group)
and kidneys removed 10 days post UUO prior to prepa-
ration for RNA/protein extraction and cryosections
using established methodologies (Additional Fig. 1b).
qRT-PCR (Additional Fig. 1c) and immunofluorescence
(Additional Fig. 1d) determined that Cx43 expres-
sion increased in UUO injured kidneys and that tubule
expression of Cx43 was ablated in our tubule-directed

Cx43~/~ UUO compared to wild type (WT) control
(P<0.01). Masson’s trichrome (Fig. 1d&e) and Sirius
red staining (Fig. 1d&f) demonstrated increased tubu-
lar dilation (P<0.0001) (Fig. le) and interstitial fibro-
sis (P<0.01) (Fig. 1f) respectively in UUO mice at 10
days compared to WT control animals, effects sig-
nificantly reduced in the Cx43™~ model post injury
(P<0.01). Moreover, F4/80" macrophage infiltration
(P<0.01) (Fig. 1d&g) and increased numbers of FSP1*
fibroblasts (P<0.0001) (Fig. 1d&h) were detected in
the interstitium 10 days post UUO, whereas deletion of
tubule Cx43, reduced macrophage infiltration (P<0.05;
Fig. 1g) and fibroblast number (P<0.0001; Fig. 1h) by
approximately 60%.
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Inhibition of tubule Cx43 in obstructive nephropathy

is paralleled by reduced NLRP3 inflammasome

and expression associated markers of tubular injury

The NLRP3 inflammasome is a principal mediator of ster-
ile inflammation in the kidney, culminating in caspase 1
mediated cleavage of IL1 and downstream IL6 release.
Canonical activation is integral in multiple chronic con-
ditions and targeting its activity is of considerable thera-
peutic interest. The NLRP3 inflammasome promotes
recruitment and activation of resident and infiltrating
immune cells [31]. Our tubule-directed Cx43~/~ UUO
mouse demonstrated reduced macrophage and fibroblast
accumulation post UUOQ, yet a link between tubule Cx43
hemichannel activity and NLRP3 activation remains to be
reported. Analysis of renal transcriptomic data from the
Nephroseq repository [25-27], determined that NLRP3
(Fig. 2a) and its binding partner apoptosis-associated
speck-like protein containing a CARD (ASC) (Addi-
tional Fig. 2) were increased in diseased kidneys (n=48;
P<0.0001), with NLRP3 expression positively correlated
to proteinuria (P< 0.05) (Fig. 2b).

Use of qRT-PCR (Fig. 2c) and immunostaining (Fig. 2d)
revealed a reduction in NLRP3 expression in our tubule-
directed Cx43~/~ UUO model (P<0.0001). Similarly, we
saw a decrease in IL1B (P<0.05) messenger (m)RNA by
approximately 50-60% (Fig. 2e), whilst downstream IL6
(P<0.01) (Fig. 2f), chemokine monocyte chemoattract-
ant protein (MCP1) (P<0.001) (Fig. 2g), and inflamma-
tory marker neutrophil gelatinase-associated lipocalin
(NGAL) (P<0.05) (Fig. 2h) also decreased.

In summary, we observed less tubule damage, tubu-
lointerstitial inflammation, and fibrosis in our Pax8-
rtTA-cre:cx43 flox Cx43~'~ mouse model post UUQ, as
compared to the Cx43™* UUO mouse, confirming an
essential role for tubular Cx43 expression in renal injury.
Moreover, tubule Cx43 expression appears to play a sig-
nificant role in expression of NLRP3 and downstream
mediators IL1B and IL6, with decreased monocyte
infiltration, FSP1™ cell accrual in the interstitium and
reduced expression of MCP1 and NGAL suggesting a
clear role for Cx43 expression and function in paracrine
mediated signaling.

Blocking Cx43 hemichannels improves tubular structure,
decreases inflammatory cell burden, and reduces
interstitial fibrosis

There are no in vivo studies which have yet employed a
Cx43-specific hemichannel blocker to assess a direct role
for Cx43 hemichannels in exacerbating the pathology of
renal tubulointerstitial inflammation and fibrosis. Pep-
tide5 is a 12 amino acid peptide which targets the 2nd
extracellular loop of Cx43 [21] and has been successful
in blocking Cx43 hemichannels when delivered topically,
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intraocularly [32], into cerebrospinal fluid and systemi-
cally [21]. Multiple approaches have been used to confirm
target applicability and specificity and all have yielded
similar and significant benefits across different injury
models. Consequently, we used Peptide5 to unravel a
novel in vivo role for aberrant Cx43 hemichannel activ-
ity in tubular injury. Inhibition of Cx43 hemichannels
was achieved using L.P. injections twice daily for 9 days.
All mice (n=4-6 per group) were sacrificed at day 10
(Additional Fig. 3a). Mice were euthanized and kidneys
were removed 10 days post UUO and prepared for RNA/
protein extraction and cryosections using established
methodologies (Additional Fig. 3b). Pharmacological
intervention of UUO at day 10 with Peptide5 was reno-
protective, with tubular dilation (Masson’s Trichome;
Fig. 3a&b) reduced from 3.65+0.24 to 2.8+0.14 (P<0.01),
whilst interstitial fibrosis (Sirius red; Fig. 3a&c) decreased
from 10.73 +0.89 to 6.18+0.88 (P<0.01). Immunostaining
with an F4/80 (Fig. 3a&d) and FSP17 (Fig. 3a&e) antibody
demonstrated that inhibition of Cx43-hemichannels pre-
cedes a reduction in macrophage infiltration (P<0.001)
and fibroblast accumulation (P<0.001).

Peptide5 blocks UUO-induced increases in NLRP3

and expression of associated mediators of inflammatory
damage

The previous results provide compelling evidence that
Cx43 hemichannels are integral to renal injury, activity of
which is linked to the regulation of inflammatory path-
ways. As a principal mediator of sterile inflammation,
the NLRP3 inflammasome is activated in response to
various danger associated molecular patterns (DAMPs)
e.g., adenosine triphosphate (ATP), uric acid, and reac-
tive oxygen species (ROS). Using real time ATP biosens-
ing, our previous in vitro studies reported that aberrant
Cx43 hemichannel activity is paralleled by increased
ATP release in primary tubule cells [15, 33]. Studies in
retinal epithelial cells confirm that connexin-mediated
hemichannels have an important part to play in NLRP3
inflammasome activation and propagation, with ATP
self-inducing its own release and expanding activa-
tion of purinergic receptors on infiltrating macrophages
[34]. Since mice with the tubule-directed Cx43~/~ dele-
tion have decreased expression of NLRP3 and associated
downstream signalling mediators (IL1p, IL6, MCP1 and
NGAL) we evaluated a role for aberrant Cx43 hemichan-
nel activity as a mechanism for upstream regulation of
these proteins.

Immunostaining of UUO renal cortex demonstrated
increased tubular expression of NLRP3 (Fig. 4a), an
observation paralleled by elevated NLRP3 (P<0.001),
IL1B (P<0.001) and IL6 (P<0.001) mRNA expression
(Fig. 4b-d) in lysates of ligated kidneys over a 10-day
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Fig. 2 Expression of the NLRP3 inflammasome and markers of tubular injury are reduced in the UUO-Cx43~"mouse. Analysis of a published

transcriptomic dataset shows that NLRP3 expression increases in kidneys with CKD (n=48 patients) as compared to healthy controls (n=5) (a)

and that this positively correlates with proteinuria (b) in people with diabetic kidney disease (DKD), the leading cause of end stage renal failure

in which tubulointerstitial fibrosis is the key underlying pathology. With evidence that Cx43 and NLRP3 are upregulated in CKD, combined with data
that the heterozygous Cx43*/~ UUO mouse exhibits improved renal structure and diminished inflammation, we utilised our Pax8-rtTA-cre:cx43 flox
Cx437/~ model to determine if Cx43 plays a role in regulating expression of NLRP3 and principal mediators of inflammation. Quantitative PCR (qPCR)
analysis and immunostaining of the renal cortex showed a marked downregulation of NLRP3 messenger RNA (mMRNA) (c) and protein expression
(d) in UUO-Cx43~~ mice as compared with WT UUQ. Similarly, deletion of Cx43 from the proximal tubules prior to induction of UUO protected
against an upregulation of IL1{3 (e), IL6 (f) and downstream NLRP3 inflammatory mediators, monocyte chemoattractant protein (MCP1) (g)

and injury marker neutrophil gelatinase-associated lipocalin (N-GAL) (h). An ANOVA and Tukey post-test were used for experimental comparisons
except transcriptomic data where an unpaired t-test with Welch's correction &/or a simple linear regression and Pearson’s correlation analysis

was used. *P<0.05, **P<0.01, ***P<0.001 and ****P <0.0001

time course compared to baseline WT control. Expres-
sion was reduced when UUO mice were treated with
Cx43 hemichannel blocker Peptide5 (NLRP3 (P<0.01),
IL1p (P<0.05) and IL6 (P<0.05)). Consistent with the
reduction in inflammatory infiltrates observed in our
tubule-directed Cx43~'~ UUO mice (Fig. 3e), expres-
sion of MCP1 (Fig. 4e), NGAL (Fig. 4f) and vascular cell
adhesion molecule (VCAM) (Fig. 4g) were upregulated
in UUO but decreased by approximately 40% (P< 0.01),

70% (P< 0.05) and 35% (P < 0.05) respectively when Cx43-
hemichannel activity was blocked.

Aberrant Cx43-hemichannel activity primes and activates
the NLRP3 inflammasome in hPTECs

Assembly and activation of the NLRP3 inflamma-
some is a two-step process. Priming (step 1) is initiated
in response to NFkB mediated transcriptional control
of NLRP3, the apoptosis-associated speck-like protein
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Fig. 3 Targeting Cx43 hemichannels protects kidney proximal tubules from interstitial fibrosis, monocyte infiltration and fibroblast activation
following obstructive nephropathy. Having ascertained that targeted deletion of Cx43 from the proximal tubules protects against damage

from UUO, we determined a role for Cx43 hemichannels in driving tubular damage using the Cx43 hemichannel blocker Peptide5, administered
via |.P. injections twice daily for 9 days (9.3 mg/kg, 24 h after UUO). All mice were sacrificed at day 10. Representative micrographs (a)

and quantification of Masson's Trichrome (tubular dilation) (b), Sirius Red (interstitial fibrosis) (c), F4/80 (macrophage infiltration) (d) and FSP1*
(fibroblast number) (e) staining demonstrate that inflammation and fibrosis is significantly ameliorated in the UUO mouse when Peptide5

is administered. All groups are n=4-6 with an ANOVA and Tukey post-test used for experimental comparisons. **f <0.01 and ***P <0.001
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Fig. 4 Blocking Cx43-hemichannels in the UUO mouse provides anti-inflammatory protection by reducing NLRP3 inflammasome mediators

and downstream drivers of inflammatory burden. Deletion of Cx43 from the proximal tubules protects against the UUO induced upregulation

of NLRP3 and associated signalling mediators. To determine if this protection stems from a reduction in Cx43 hemichannel mediated signalling, we
administered Peptide 5 via I.P. injections twice daily for 9 days, (9.3 mg/kg, 24 h after UUO) ahead of evaluating the impact that this has on NLRP3
and associated proteins. Immunostaining of the renal cortex and quantitative PCR (QPCR) analysis showed a marked downregulation in NLRP3
protein expression (a) and messenger RNA (mRNA) (b) in UUO mice treated with Peptide5 as compared with WT UUQ. Similarly, blocking Cx43
hemichannels protected against an upregulation of IL13 (c), IL6 (d) and downstream NLRP3 inflammatory mediators, monocyte chemoattractant
protein (MCP1) (e) and injury markers neutrophil gelatinase-associated lipocalin (N-GAL) (f) and vascular cell adhesion molecule (VCAM) (g). All
groups are n=4-6 with ANOVA and Tukey post-test used for experimental comparisons. *P <0.05, **P<0.01, and ***P<0.001

containing a CARD (ASC), IL1 (rate-limiting step) and
IL-18. Activation (step 2) is mediated by ATP binding
to the P2X7 receptor. These events culminate in NLRP3
complex assembly, activation of caspase 1 and caspase 1
mediated cleavage of pro-IL1p and pro-IL18 into their
mature forms and trigger increased secretion of TNFa
and IL6.

Connexin hemichannels open in response to injury
and release DAMPs into the intercellular space.
Linked to inflammation and fibrosis, ATP is an estab-
lished DAMP that triggers activation of the P2X7R
[35]. Having observed in vivo that Peptide5 blocks

Cx43-hemichannels to prevent UUO induced changes in
interstitial inflammation and fibrosis, we used hPTECs
to evaluate a specific role for tubule epithelial Cx43-
hemichannel mediated activity in NLRP3 priming and
activation (Fig. 5a). Consistent with the inflammatory
response observed after UUO, qRT-PCR (Fig. 5b) deter-
mined that a TGF-B1 induced increase in NLRP3, IL1j,
and IL18 mRNA was significantly decreased when cells
were pre-incubated with Peptide5 (IL1B (P<0.01),
NLRP3 (P<0.01) and IL18 (P<0.001)). Immunoblot-
ting of primary tubule lysates determined that Pep-
tide5 decreased the TGF-P1 induced increase in protein
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Fig. 5 Peptide5 blocks Cx43-hemichannels to inhibit priming and activation of the NLRP3 inflammasome in primary tubule epithelial cells. Primary
hPTECs were treated with pro-fibrotic cytokine TGF-31 (10 ng/ml) for 48 h in the presence/absence of Peptide5 (25 uM) (a). gRT-PCR analysis

of IL-13, NLRP3 and IL18 mRNA (b) determined a role for Cx43 hemichannel activity in regulation of priming (step 1). Western blot analysis (c-e), IL13
secretion (f) and caspase 1 activity (g) determined an upstream role for Cx43-hemichannel activity in NLRP3 inflammasome activation. These data
corroborate our in vivo observations and further suggest that aberrant Cx43 hemichannel activity sits upstream of NRLP3 inflammasome activation.
All groups are n=3-4. An ANOVA and Tukeys post-test was used for all analysis. *P < 0.05, **P<0.01, ***P<0.001 and ****P<0.0001
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expression of NLRP3, IL1p, caspase 1 (active p20 subu-
nit) (Fig. 5c&e), IL6, IL18, and TNF« (Fig. 5d&e). Impor-
tantly, Peptide5 also reduced TGF-B1 induced increases
in IL-1p secretion (P< 0.01; Fig. 5f) and caspase 1 activity
(P<0.0001; Fig. 5g). These data confirm for the first time
a specific role for Cx43 hemichannel mediated activity in
caspase 1 mediated cleavage of IL-1f.

Connexin 43-hemichannels perpetuate inflammation

by an ATP-P2X7R autocrine feedback loop

in the inflammasome/inflammation cycle

We previously determined that hPTECs release ATP,
events blocked in the presence of Cx43 hemichannel
blocker Peptide5 and P2X7R antagonist A438079 [15].
In Fig. 5 we linked aberrant Cx43-hemichannel activity
to both priming and activation of the NLRP3 inflamma-
some. To determine if these events are likely to be driven
by Cx43 hemichannel mediated ATP release, we used
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non hydrolysable ATPYS (1-100 uM) to determine if ATP
could increase expression of key NLRP3 inflammasome
mediators IL-1f, Caspase 1, IL-6, IL-18 and TNF-a in
primary proximal tubules cells (Fig. 6a). These experi-
ments were preformed ahead of evaluating if P2X7R
mediated purinergic signaling lies downstream of these
effects.

The P2X7R has a low affinity for ATP and is upregulated
(P<0.01) in diseased kidneys of people with CKD (n=48)
as compared to healthy control kidneys (n=5) (Fig. 6b).
Interestingly, co-incubation of TGF-f1 treated cells with
a P2X7R antagonist, reduced IL1f (P<0.001; Fig. 6C),
IL18 (P<0.0001; Fig. 6D) and NLRP3 mRNA expression
(P<0.05; Fig. 6e) whilst decreasing NLRP3, caspase 1
(p20 subunit), IL18, IL1B, IL6 and TNFa protein expres-
sion (Fig. 6f). Furthermore, P2X7R inhibition signifi-
cantly reduced the TGF-B1 induced Cx43-hemichannel
mediated increase in caspase 1 activity (Fig. 6g).
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Fig. 6 Aberrant Cx43 hemichannel activity regulates NLRP3 priming and activation via P2X7R in hPTECs. To investigate if NLRP3 priming/activation
is driven by a Cx43 mediated ATP-P2X7R signalling axis, we established a role for non-hydrolysable ATPYS in increasing expression of the NLRP3
inflammasome and associated downstream mediators, e.g., IL1{3, IL6, caspase 1 and caspase 1 (a). Analysis of published transcriptome datasets
determined that P2X7R is upregulated in patients with CKD (b) (n=48 patients). Evidenced by increased IL1{ (c), IL18 (d), and NLRP3 transcription
(e), gRT-PCR analysis determined that treatment of hPTECS with TGF-31 induced NLRP3 priming. Inflammasome activation was blunted

when TGF-31 treated hPTECS were pre-incubated with a P2X7R antagonist (A438079), as evidenced by a reduction in protein expression of NLRP3
signalling mediators (f) and caspase 1 activity (g). All groups are n=3-4. ANOVA and a Tukey post-test was used for experimental comparisons
except for transcriptomic data where Welch’s correction was used. *P < 0.05, **P<0.01, ***P <0.001 and ****P<0.0001
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Previous studies identified that Cx43 gene transcrip-
tion is regulated by nuclear factor kappa B (NF«B) bind-
ing to the Cx43 promoter [36], with Cx43 hemichannel
opening regulated in response to a variety of patho-
physiological stimuli, including increased intracellu-
lar calcium ([Ca®'])) and high levels of inflammatory
cytokines [37, 38]. Consequently, having established a
role for Cx43 hemichannel activity in priming and acti-
vation of NLRP3, we hypothesized that a feedback loop
exists in which ATP released from Cx43 hemichannels,
perpetuates inflammation through its ability to indirectly
increase both Cx43 expression and Cx43 hemichannel
activity as part of NLRP3 priming and activation.

We assessed the impact of blocking NLRP3 inflamma-
some activation on Cx43 hemichannel activity using car-
boxyfluorescein dye uptake and real time ATP biosensing
(Fig. 7a-c). Cells were stimulated with TGF-f1+ pre-incu-
bation with either an NLRP3 (CY-09) or caspase 1 (AC-
YVAD-CMK) inhibitor. Peptide5 reduced dye uptake
from 374.4+11.86% to 158.6+—7.9%, whilst inhibition of
either NLRP3 or caspase 1 decreased uptake (Fig. 7b)
to 234+19.2% (P<0.0001; CY-09 (20uM)) and 244+9.7%
(P<0.001; AC-YVAD-CMK (10 pg/mL)) respectively.

TGF-f1 increased real time ATP release from
0.16+0.07uM to 2.54+0.13uM (P<0.0001; Fig. 7c), an
effect dramatically reduced to 0.62+0.17uM when cells
were pre-incubated with Peptide5 (P<0.0001). Whilst
this effect was not fully recapitulated in response to pre-
incubation with CY-09 or AC-YVAD-CMK, inhibition
of NLRP3 and caspase 1 did limit TGF-B1 evoked ATP
release to 1.537+0.21uM (P<0.05), and 1.699+0.07uM
(P<0.05) respectively. In assessing the implications of
blocking Cx43-hemichannel mediated NLRP3 activa-
tion, we treated primary hPTECs with TGF-f1 for 48 h
and pre-incubated with either Peptide5 (Cx43-hemichan-
nels), CY-09 (NLRP3) or AC-YVAD-CMK (caspase 1)
ahead of evaluating expression of ECM proteins (col-
lagen I, collagen IV, and fibronectin) and downstream
markers of NLRP3 induced tubular injury (Fig. 7.d&e).
Immunoblotting determined that TGF-P1 downregu-
lated expression of the adherens junction protein E-cad-
herin (P<0.001), whilst increasing collagen I, collagen IV,
fibronectin, and N-cadherin (P < 0.001). Whilst increased
expression of ECM proteins appeared sensitive to both
Cx43-hemichannel, NLRP3 and caspase 1 inhibition,
E-cadherin and N-cadherin expression was not restored
in the face of decreased NLRP3 activity.

Peptide5 blocks Cx43 hemichannel activity to reduce
the secretion of inflammatory mediators from hPTECs
The NLRP3 inflammasome is linked to immune cell
recruitment and fibroblast activation. Activation of the
NLRP3 complex is contributed to by Cx43 hemichannel
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mediated ATP release (Fig. 6). With our in vivo data sug-
gesting that aberrant Cx43 hemichannel activity plays
a significant role in paracrine mediated activation and
recruitment of F4/80 macrophages and FSP1 positive
fibroblasts, proteome profiler arrays were used to estab-
lish if Cx43 hemichannel activity triggers the downstream
release of soluble paracrine signaling molecules from pri-
mary proximal tubule epithelial cells. Cells were treated
with profibrotic cytokine TGF-B1 (10ng/mL) + pre-incu-
bation with Peptide5 (25puM) for 48 h (Fig. 8a). Of 105
cytokines measured (Fig. 8b), we selected representa-
tive mediators of CKD-induced inflammation, including
MCP1 [39], granulocyte macrophage colony-stimulat-
ing factor (GM-CSE), [40] adiponectin [41], TNFa [42],
interleukin-24 (IL24) [43], leukaemia inhibitory factor
(LIF) [44], and resistin [45] (Fig. 8c-f). Upregulated by
TGEF-B1, these inflammatory proteins were significantly
downregulated when cells were pre-incubated with
Peptide5 and Cx43 hemichannel activity blocked. The
translational implications of these observations were cor-
roborated using human datasets of renal transcriptomic
data (Fig. 8g), where an increase in expression of GM-
CSF (P<0.0001), epithelial neutrophil-activating peptide
78 [46] (ENA-78) (P<0.0001), IL-24 (P<0.01), resistin
(P<0.0001) and LIF (P<0.001) was observed in diseased
kidneys (n=48) versus healthy controls (#=5) based on
median centred log2 expression.

Discussion

Previous studies have identified a link between Cx43
expression and sterile inflammation in multiple age-asso-
ciated morbidities, including osteoarthritis [47], diabetic
retinopathy [18], and age-related macular degeneration
[19]. Although Cx43 expression is increased in renal
biopsy material from individuals with diabetic nephrop-
athy [15], nephroangiosclerosis [24] and obstructive
nephritis [14], here we provide novel evidence that GJAI
is increased in kidneys from individuals with an array of
different types of CKD, and that this increased expression
positively correlates with a decline in kidney function,
as evidenced by increasing proteinuria and declining
GFR. Despite evidencing a connection between Cx43
and functional parameters associated with poor patient
outcomes, understanding how to target this damage has
been hindered by a paucity of knowledge for how Cx43
mediates its effects.

In the current study, we combined the UUO mouse
model with tubule-directed Cx43 knockout (Pax8-rtTA-
cre:cx43 flox Cx437/7) and Cx43 blockade (Peptide5) to
determine if and how Cx43-hemichannels of the proxi-
mal tubule mediate inflammation within the injured
tubulointerstitium. The UUO model recapitulates histo-
logical and structural changes of advanced CKD and is
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Fig. 7 Connexin 43-hemichannels amplify and perpetuate inflammation by an ATP-P2 x 7R autocrine feedback loop. With priming of the NLRP3
inflammasome linked to increased Cx43 expression and inflammation a known gating stimulus of connexin hemichannels, we determined

the presence of a feedback loop in which Cx43-NLRP3 activation perpetuates inflammation by an ATP-P2 x 7R autocrine feedback loop. We
assessed Cx43 hemichannel mediated carboxyfluorescein dye uptake (a&b) and real time ATP release (a&c) in TGF-B1 treated cells which had
been pre-incubated with inhibitors to either NLRP3 (CY-09) or caspase 1 (AC-YVAD-CMK). Inhibition of the NLRP3 inflammasome decreased
hemichannel mediated dye uptake (a&b) and ATP release (c), suggesting that targeting Cx43-hemichannels offers a potential therapeutic strategy
to break the cycle of inflammatory events in tubules of the diseased kidney. The implications of blocking these pathways was further assessed

by evaluating expression of extracellular matrix proteins and markers of injury in TGF-31 treated primary tubule cells pre-incubated with either a
Cx43 hemichannel (Peptide5), NLRP3 (CY-09) or caspase 1 (AC-YVAD-CMK) inhibitor (d&e). An ANOVA and Tukeys post-test was used for all
analysis, excluding analysis of transcriptomic data where an unpaired t-test with Welch's correction was used *P < 0.05, **P < 0.01, ***P<0.001

and ****P<0.0001
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secretion of the pro-inflammatory secretome. Primary hPTECs were

treated with pro-fibrotic cytokine TGF-31 (10 ng/ml) for 48 h in the presence/absence of Peptide5 (25uM) (a) and a proteome profiler inflammation
array was used to assess secretion of 105 inflammatory mediators (b). Heat map analysis identified multiple changes in protein expression in cells
pre-incubated with hemichannel blocker Peptide5 (b), with statistical analysis on 12 selected proteins (c-f) performed. n=4 per group. Extrapolation

of this array data using a published transcriptomic dataset on Nephroseq

g) shows that granulocyte-macrophage colony-stimulating factor

(GM-CSF), epithelial cell-derived neutrophil-activating peptide (ENA-78), interleukin-24 (IL24), resistin and leukemia inhibitory factor (LIF) expression
are increased in kidneys of patients with CKD (n=48 in patients with CKD and n=5 normal controls). All groups are n=3-4 unless otherwise
specified. ANOVA and Tukeys post-test was used for all proteome array analysis (c-f), whilst an unpaired t-test with Welch’s correction was used

for analysis of transcriptomic data (g). *P < 0.05, **P<0.01, ***P < 0.005, and

widely used for studies of senescence and tubular inflam-
mation in models of injury e.g., ageing, CKD, and DN,
irrespective of the initiating cause [48]. Ten days post-
surgery, we observed increased Cx43 expression, tubular
injury, inflammation, and myofibroblast activation with
interstitial collagen deposition. Damage was reduced in
our tubule-directed Cx43~/~ UUO model, as evidenced
by diminished tubular injury, decreased macrophage
(F4/80) staining, reduced accumulation of FSP17" fibro-
blasts and interstitial fibrosis. Previous studies report that
Peptide5 blocks specifically Cx43-hemichannel mediated
ATP release and inhibits activation of purinergic recep-
tors on infiltrating macrophages in a model of retin-
opathy [49]. In mice treated with Peptide5 24 h prior to

**xxPp<0.001

UUO, we observed reduced macrophage infiltration, and
expression of kidney injury markers e.g., VCAM, MCP1
and NGAL as compared to WT control. Recent stud-
ies link increased numbers of pyroptotic macrophages
in the UUO mouse interstitium to increased activation
of myofibroblasts, events suggested to be driven by the
chemokine CXCL10 [17]. Here, we observe that UUO
mice with a tubule deletion of Cx43, or treated with Pep-
tide5, exhibit decreased interstitial fibrosis and fibro-
blast accumulation. In support of these observations,
our previous studies highlight a role for tubular Cx43
hemichannels as orchestrators of this response, a state-
ment supported by in vitro studies in which conditioned
media transfer (CMT) from kidney tubule cells triggers
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activation of renal medullary fibroblasts, a response
significantly reduced in the presence of Peptide5 [50].
Interestingly, CMT from high glucose/TGF-B1 activated
fibroblasts, failed to evoke significant changes in tubule
cell phenotype. Whilst our in vivo evidence strongly sug-
gests a role for tubule Cx43 hemichannels in cell-to-cell
cross talk, how this aberrant activity links to these down-
stream deleterious effects remains to be determined.

Soluble chemokines, adhesion molecules and growth
factors both recruit and activate infiltrating immune
cells [51-53] via paracrine mediated cell communica-
tion, inducing multiple pathophysiological pathways e.g.,
EMT [54] and macrophage-to-myofibroblast differentia-
tion [55]. Consequently, we used proteome array analysis
to assess the secretion of 105 proinflammatory mediators
from TGF-B1 treated primary proximal tubule cells in
the absence and presence of Cx43 hemichannel blocker
Peptide5. Co-incubation of TGFp1 treated hPTECs with
Peptide5 reduced the secretion of pro-inflammatory
cytokines, with transcriptomic analysis of Nephroseq
datasets highlighting their translational implications. Of
the many Peptide5-sensitive changes observed, we iden-
tified several inflammatory proteins seen in CKD, the
action of which are integral to the onset and progression
of disease, e.g., granulocyte macrophage colony-stimu-
lating factor (GM-CSF), epithelial neutrophil-activating
peptide 78 (ENA-78), interleukin 24 (IL-24), resistin and
leukemia inhibitory factor (LIF). In support of our in vivo
data, we noted a significant reduction in downstream
NLRP3 inflammasome mediators IL1p, TNF-a and IL6.
A major perpetrator of inflammatory damage in both
acute myocardial infarction and CKD, NLRP3 activation
is linked to renal injury-induced cardiac dysfunction [5],
and induction of a pro-inflammatory phenotype. Acti-
vated in response to various endogenous DAMPs includ-
ing ATP, increased Cx-hemichannel activity has been
linked to NLRP3-mediated inflammation and activation
of multiple cell types in various pathologies, including
macular degeneration [56] retinopathy [57] and Alzhei-
mer’s [58]. Moreover, elevated plasma NLRP3 and SASP-
related inflammatory mediators are associated with an
increased risk of cardiovascular events, cardiovascular
mortality, and all-cause mortality in patients with CKD,
observations supported by the CANTOS (interleukin-
113) [59] and RESCUE (interleukin-6) [60] trials. As a key
mediator of our innate immune response and activated
by both DAMPs and pathogen-associated molecular
patterns (PAMPs), targeting upstream of sterile DAMP
induced inflammation i.e.,, Cx-hemichannel activity,
would leave NLRP3 freely accessible for stimulation by
microbial pathogens (PAMPs) and circumvent poten-
tial adverse side effects associated with increased risk of
infection.
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A recent study utilising a UUO mouse model where
Cx43 was similarly selectively deleted from the tubules
eloquently determined a reduction in protein levels of
NLRP3 and caspase 1, supporting our observations link-
ing Cx43 expression with that of NLRP3. Furthermore,
the authors associated an increase in macrophage infil-
tration with high levels of macrophage pyroptosis, an
inflammatory form of cell death which can be driven by
canonical or non-canonical inflammasome activation. In
the absence of confirming caspase 1 activity and caspase
1 mediated cleavage of pro-IL1J, it would be interest-
ing to observe if the pyroptosis was caspase 1 or caspase
4/5/11 dependent, particularly given that the in vitro
stimulus was lipopolysaccharide [17]. This earlier study
did not explore NLRP3 activation, i.e., caspase 1 activ-
ity and IL1p secretion in tubule cells, neither did it link
these events to Cx43 hemichannel activity and associ-
ated downstream signalling. With the current study spe-
cifically focussed on understanding a link between Cx43
hemichannel activity and NLRP3 priming and caspase 1
mediated canonical activation in the kidney tubules, we
demonstrate that NLRP3 expression and downstream
inflammatory mediators are reduced in tubule cells when
Cx43-hemichannel activity is blocked by Peptide5 or
tubule specific deletion of Cx43 expression (Pax8-rtTA-
cre:cx43 flox Cx437'7). Assembly and canonical activa-
tion of the NLRP3 inflammasome is a two-step process,
involving initial NFkB mediated transcriptional priming
of NLRP3, IL1B (rate-limiting step) and IL18 (Step 1)
accompanied by caspase 1 mediated cleavage of pro-IL13
and pro-IL18 into their mature forms (Step 2). We iden-
tified that NLRP3 inflammasome priming (mRNA) and
P2X7R mediated activation (caspase 1 and IL1p activity)
are blunted in TGF-P1 treated hPTECs, when co-incu-
bated with Peptide5. Non-hydrolysable ATPyS was used
to assess the efficacy of purinergic stimulation in medi-
ating changes in expression of NLRP3 and its mediators,
ahead of evaluating a role for Cx43 hemichannel medi-
ated ATP-P2X7R activation in driving this downstream
response. Exhibiting low affinity for ATP, expression
of the P2X7R is upregulated in CKD [15] with activa-
tion linked to increased NLRP3 activity [61], increased
senescence [62, 63] and EMT [64]. Inhibition of P2X7R
decreases renal inflammation and improves functional
parameters in the Streptozotocin mouse model of type
1 diabetes [65], whilst here, co-incubation of TGFp1-
treated primary hPTECs with a P2X7R antagonist
(A438079) prevented NLRP3 activation. Importantly,
P2X7R inhibition induced a notable reduction in NLRP3
priming (Step 1), as evidenced by decreased mRNA
expression of IL1B, IL18 and NLRP3. The underlying
rationale for these events is likely explained by a combi-
nation of ATP-P2X7R activation, which triggers an influx
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of Ca*" and K" efflux, combined with caspase 1 medi-
ated cleavage of IL1B and downstream inflammation.
Together, increased [Ca®']; and inflammation are each
independent triggers of hemichannel opening [66, 67]
whilst NFkB mediated NLRP3 priming has been linked to
increased Cx43 transcription (NFkB binds to Cx43 pro-
moter) [36]. These observations support the existence of
a feedback loop in which sustained NLRP3 activity trig-
gers further NLRP3 priming and activation via increased
Cx43 hemichannel mediated ATP release.

To test this hypothesis, ATP-biosensing and carboxy-
fluorescein dye uptake studies were performed on TGFf1-
treated primary hPTECs pre-incubated with either
Peptide5 or specific inhibitors to NLRP3 (CY-09) or cas-
pase 1 (AC-YVAD-CMK). Pharmacological inhibition
of NLRP3 and caspase 1 reduced both Cx43 hemichan-
nel mediated dye uptake and ATP release. Furthermore,
with NLRP3 activity linked to induction of EMT [64], we
observed a Cx43-hemichannel and NLRP3 dependent
change in expression of proteins integral to both adher-
ens junction assembly and the ECM. These observations
substantiate our findings that disassembly of the adherens
(e.g., E-cadherin, B-catenin) and tight (e.g., Zona Occlu-
dins) junction complexes are blunted in the heterozygous
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Cx43*'~ UUO model [15]. Despite its role in maintaining
cell polarity, disassembly of the adherens junction com-
plex allows for cytosolic translocation of B-catenin, which
when activated by Wingless-related integration site (Wnt)
proteins, promotes the association between NLRP3 and
its binding partner ASC, highlighting potential cross talk
between each of these events [68]. Furthermore, high lev-
els of extracellular ATP decrease E-cadherin expression
and reduce intercellular ligation forces between coupled
cells via a P2X7R dependent mechanism [16]. Therefore,
Cx43 hemichannel mediated activation of P2X7R, not
only contributes to priming and activation of the NLRP3
inflammasome but underlies the reduction in tubule GJIC
as previously reported [16, 28].

In summary, for the first time our results provide a
definitive link between aberrant Cx43-hemichannel activ-
ity and changes that underpin late-stage inflammatory
damage in the diseased tubules. We show that aberrant
Cx43-hemichannel mediated activity is linked to priming
and activation of the NLRP3 inflammasome (Schematic
1), initiating the secretion of inflammatory cytokines and
chemo-attractants which activate and recruit F4/807"
macrophages and FSP1* fibroblasts in the tubulointer-
stitium. We report that these effects can be dampened by

llnﬂammation and

I fibrosis
i o
1IL1 pIL18 H )
secretion - - ATP
IL18 | ® 1
1
P2X7i ) ®

1

Cx43 |
hemichannel
activity

NLRP3
activation

N R —

Schematic 1 In the diseased kidney tubules, increased Cx43 hemichannel activity is linked to an increase in priming and activation of the NRLP3
inflammasome via NFkB and ATP mediated P2 x 7R activity respectively. This chain of events culminates in caspase 1 mediated cleavage of IL13,1L18
and activation of downstream inflammatory mediators. In the face of persistent NLRP3 activation, Cx43 hemichannels remain open, perpetuating

a viscous cycle of events in which NFkB mediated NLRP3 priming, increases Cx43 expression, with P2X7R mediated NLRP3 activation increasing
[Ca®*]; and downstream inflammation. Peptide5 successfully blocks these ATP-driven events, decreasing NLRP3 priming and activation. These
observations are paralleled by a reduction in tubule inflammation and paracrine mediated signaling, as evidenced by a reduction in the secretion
of soluble signaling mediators, decreased fibroblast activation and reduced macrophage number
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Cx43-hemichannel blocker Peptide5, and that prevent-
ing the release of extracellular ATP, breaks the chronic
cycle of inflammatory cytokine release and resultant par-
acrine mediated signalling between different cell types in
and around the tubules. Our findings highlight that Cx43
hemichannels may represent a potential therapeutic target
in alleviating sterile inflammation in late-stage CKD and
build on observations that have identified a link between
Cx43 expression and kidney damage. Whilst our work
shows that targeting Cx43 hemichannels prevents the
severity of tubulointerstitial fibrosis that develops in UUO
mice, future studies are required to determine the efficacy
of Peptide5 or alternative Cx43 hemichannel blockers in
other models of CKD notably those where full renal func-
tion can be assessed.
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Additional file 1: Figure 1. Generation of a transgenic (Pax8-rtTA-cre:cx43
flox Cx437) mouse model. (Panel a) Scheme of the transgenic construct
used to delete Cx43 in renal tubular cells. The reverse tetracycline-
dependent transactivator (rtTA) drives the expression of Cre recombi-
nase specifically in the renal tubular compartment (controlled by Pax8
promoter) after doxycycline administration. (Panel b) An illustration of the
experimental design using WT controls and mice with and without Cx43
tubule-specific deletion, subjected to UUO. Kidneys were collected after
10 days of UUO for RNA extraction, renal morphometry and immunostain-
ings. (Panel ¢) Connexin 43 immunostainings (in green) were performed
on cryosections from injured kidneys of mice with and without Cx43
tubule-specific deletion after 10 days of UUO. Connexin 43 is undetect-
able in UUO-Cx437" mice. Sections were counterstained with Evans Blue
(red). (Panel d) Connexin 43 mRNA increased expression was blunted in
injured kidneys of mice with Cx43 tubule-specific deletion after 10 days
of UUO.

Additional file 2: Figure 2. PYCARD expression is increased in biopsy
material from patients with CKD. Analysis of a published transcriptomic
dataset shows that the NLRP3 binding partner ASC, alternatively called
PYCARD, exhibits increased expression in kidneys of individuals with CKD
(n=48 patients) as compared to healthy controls (n=5). Statistical analysis
was performed using an unpaired t-test with Welch's correction. *P<0.05,
**P<0.01, ***P<0.005, and ****P<0.001.

Additional file 3: Figure 3. Peptide 5 protocol. (Panel a) Experimental
design for the Cx43 hemichannel specific blocker Peptide5 (P5). Peptide5
was administered intraperitoneally twice a day for 9 days following

UUO. All mice were sacrificed at day 10. (Panel b) Kidneys from wild type
(WT) controls and mice with or without Peptide5 injections were col-
lected after 10 days of UUO for RNA extraction, renal morphometry and
immunostainings.
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