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ABSTRACT

Ischemic acute kidney injury (AKI), a complication that frequently occurs in hospital
settings, is often associated with hemodynamic compromise, sepsis, cardiac surgery or exposure
to nephrotoxicants. Here, using a murine renal ischemia-reperfusion injury (IRI) model we show
that intercalated cells (ICs) rapidly adopted a pro-inflammatory phenotype post-IRI. During the
early phase of AKI, we demonstrate that either blocking the pro-inflammatory P2Y14 receptor
located on the apical membrane of ICs, or ablation of the gene encoding the P2Y14 receptor in ICs:
1) inhibited IRI-induced chemokine expression increase in ICs; 2) reduced neutrophil and
monocyte renal infiltration; 3) reduced the extent of kidney dysfunction; and 4) attenuated
proximal tubule (PT) damage. These observations indicate that the P2Y14 receptor participates in
the very first inflammatory steps associated with ischemic AKI. In addition, we show that the
concentration of the P2Y14 receptor ligand, uridine diphosphate-glucose (UDP-Glc), was higher in
urine samples from intensive care unit patients who developed AKI compared to patients without
AKI. In particular, we observed a strong correlation between UDP-Glc concentration and the
development of AKI in cardiac surgery patients. Our study identifies the UDP-Glc/P2Y14 receptor

axis as a potential target for the prevention and/or attenuation of ischemic-AKI.
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INTRODUCTION

Acute kidney injury (AKI) is a frequent medical complication seen in hospitalized patients.
It is associated with an increased length of hospital stay, the development of chronic kidney
disease (CKD), and increased risk of mortality (1-4). Over the past decades the rates of AKI have
progressively increased worldwide, making AKI a growing health care burden (3, 5, 6).
Unfortunately, there is no targeted therapy for hospital acquired AKI other than avoiding potential

nephrotoxins and hemodynamic optimization (7-9).

AKl is the consequence of either a direct insult to the kidney or a distant organ, and multiple
primary medical conditions are associated with AKI (10-16). AKI is often associated with renal
ischemia, which occurs in the context of multiple organ failure, sepsis, and vascular occlusion (17).
Ischemic AKI is particularly common during cardiac surgery requiring cardiopulmonary bypass
(CPB) (12, 18-21). The loss of kidney function is frequently associated with infiltration of
circulating innate immune cells into the renal tissue (14, 22-26). This results in an inflammatory
cascade that enhances and even causes kidney injury, and is rapidly followed by a progressive
decline in renal blood flow and glomerular filtration rate (GFR), and acute tubular injury (4, 27-
29). Renal inflammation is associated with both septic- and non-septic AKI (30), and recent
evidence has indicated that activation of innate immunity itself is sufficient to cause AKI (14). In
particular, the AKI that follows ischemia-reperfusion-injury (IRI) is associated with infiltration of
inflammatory cells into the kidney stroma (17, 27, 31). Danger-associated-molecular-pattern
(DAMP) molecules are released following tissue stress or injury and activate pattern recognition
receptors (PRRs), which initiates sterile inflammation (14, 32-34). Activation of PRRs by DAMPS

induces the production of chemokines, which attract neutrophils and monocytes to the site of
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inflammation (14). Newly recruited neutrophils and monocytes produce cytotoxic substances
such as reactive oxygen species, and they cause microvasculature congestion, which ultimately
impairs renal blood flow creating a sustained ischemic insult (14). This first wave of immune cell
infiltration occurs rapidly after injury (27). As such, blockade of this very first step in the
inflammatory cascade may offer therapeutic benefits (7, 8, 14).

DAMPs include, but are not limited to, high-mobility group protein B1 (HMGB1), ATP, DNA
and uridine diphosphate-glucose (UDP-Glc) (34-39). UDP-sugars are components of glycosylation
reactions, but they can also act as potent agonists of the pro-inflammatory P2Y14 receptor when
secreted from injured cells (35, 40-44). Whereas most nucleotides, such as ATP, are rapidly
degraded by ectonucleotidases after their release, extracellular UDP-Glc exhibited high stability in
most tissues and cell types investigated (37, 43-45). This high stability of UDP-Glc provides a
mechanism by which the release of UDP-sugars from stressed cells could lead to elevated
extracellular concentrations (35), leading to pro-inflammatory receptor activation. The UDP-Glc
sensing P2Y14 receptor is expressed in several tissues including the lung and uterus, and epithelial
cells can be initiators of inflammation in these organs (35, 41, 46). Elevated UDP-Glc levels and
increased numbers of neutrophils were observed in sputum samples from cystic fibrosis patients
with moderate or severe lung injury compared to control subjects, and intratracheal instillation of
UDP-Glc in mice promoted neutrophil migration into the lung, indicating a link between UDP-Glc
and inflammation (43). Similarly, injection of UDP-GIc into the mouse uterus induced a 5-fold
increase in the number of neutrophils present in the endometrium (41). Furthermore, we
previously showed that collecting duct intercalated cells (ICs) are sensors of UDP-Glc and mediate
the recruitment of neutrophils into the kidney via activation of the P2Y14 receptor located on their

apical membrane (42, 47).
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Here, we used renal IRI as a mouse model of AKI (48) to examine the role of the UDP-
Glc/P2Y14 receptor signaling pathway in the pathogenesis of the renal inflammation that leads to
kidney injury. Our study shows that blocking the P2Y14 receptor with a selective inhibitor, or
ablation of the P2Y14 receptor gene in ICs reduced renal inflammation, attenuated proximal
tubule (PT) damage and improved kidney function following renal IRI. Finally, in a pilot study, we
observed that urine UDP-Glc levels strongly correlated with the incidence of AKI in intensive care
unit (ICU) and cardiac surgery patients. This study, therefore, identifies the UDP-Glc/P2Y14
receptor pathway as a potential therapeutic target, which might be used to prevent or alleviate

[RI-induced AKI.
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RESULTS
Elevated urine UDP-GIc after renal IRI in mice

Transgenic male mice that express EGFP under the control of the promoter of the IC specific
V-ATPase B1 subunit (ATP6V1B1) gene (B1-EGFP) were subjected to bilateral renal IRI or sham
surgery, and they were put in metabolic cages in groups of 3 mice (except for the 2h post-IRI
group). Urine was collected for the first 2h, 24h and 48h post-operatively. UDP-Glc was measured
by LC-MS/MS and urinary values were normalized for urine creatinine (uCre). We observed a
significant increase in the urinary UDP-Glc/uCre ratio in the mice undergoing IRI relative to SHAM
during the first 2h after IRI. After 24h and 48h, the urine UDP-Glc/uCre ratios in the IRI groups

were similar to the ratios observed in the SHAM groups (Fig. 1).

Intercalated cells acquire a pro-inflammatory phenotype after IRI

To determine the response of ICs to experimental IRI, we evaluated their expression of
selected pro-inflammatory transcripts by qPCR. EGFP-positive ICs were isolated by fluorescence
activated cell sorting (FACS) from the kidney medulla of B1-EGFP mice 2h, 4h and 24h after IRI or
sham surgery (Fig. 2A). We selected the medulla in order to avoid the isolation of cortical
connecting segment cells, which also express EGFP in these mice. We observed up-regulation of
several chemokines including Cxcl1, Cxcl2, and Ccl2 as early as 2h after IRI (Fig. 2B). Cxcl2
remained elevated up to 24h after IRI. The complete gene expression profile of isolated ICs was,
therefore, characterized at 2h post-IRlI by RNA-sequencing (RNA-seq). The complete
transcriptome dataset is shown in Suppl. Table 1. Volcano plots (fold change (FC) versus P value)
compare the gene expression profiles of ICs, 2h after IRI versus SHAM, and show increased

expression of several pro-inflammatory genes, including P2ry14 itself, as well as CxCl1, Cxcl2, Cxcl3,
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Cxcl5, Cxcl10, Ccl17, II-14 1I-6, and 11-34 (Fig. 2C). The complete list of genes up-regulated after IRI
is provided in Suppl. Table 2, where pro-inflammatory transcripts are indicated in red. A list of
selected genes that were down-regulated after IRI is provided in Suppl. Table 3. These latter
include genes involved in DNA replication, mismatch repair, and metabolism of pyrimidine,

glycine, serine and threonine.

Participation of the P2Y14 receptor in the pro-inflammatory response of ICs

To determine whether the pro-inflammatory response of ICs might be related to the
increase in urinary UDP-Glc after IR, we next used a potent and highly selective antagonist of the
P2Y14 receptor, PPTN (4,7-disubstituted 2-naphthoic acid derivative) (42, 49, 50) as a means of
inhibiting the activation of IC-specific chemokine expression induced by IRI. Because the P2Y14
receptor is located on the apical membrane of ICs (42), and because PPTN and UDP-Glc compete
for acommon P2Y14 extracellular binding site (35), we first determined whether PPTN is excreted
intactinto the urine. To do so, urine samples were collected following PPTN administration to mice
(Fig. 3A). PPTN was detected intact in the urine by LC-MS/MS, and its concentration was 87.8
24.1 nM 2h after mice received a single 1.V. injection corresponding to the dose of 0.18 mg/kg. A
constant higher concentration at around 200 nM was detected at 24h and 48h when mice received
a daily dose of 4.55mg/kg via osmotic minipumps. Control mice received equivalent amounts of
the vehicle, DMSO.

To determine whether PPTN could modulate the IC inflammatory response induced by IRI,
chemokine expression was assessed by qPCR in ICs isolated by FACS from B1-EGFP mice treated
with PPTN or vehicle. ICs were isolated 2h after IRI or SHAM procedure. Figure 3B shows that

PPTN treatment significantly reduced the increase in IC-specific chemokine expression induced
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by IRI. No difference in chemokine expression was detected between the SHAM-DMSO and SHAM-
PPTN groups, and these two groups were, therefore, combined into a single SHAM group in the

graph.

Prophylactic inhibition of the P2Y14 receptor reduces renal pro-inflammatory immune cell
recruitment after IRI

Renal infiltration of immune cells was quantified by flow cytometry analysis in mice
subjected to bilateral IRI. IRI induced significant recruitment of CD45* immune cells (Fig. 4A),
including CD45*CD11b*Ly6G* cells with a “neutrophil” phenotype (Fig. 4B), and
CD45+*CD11b*Ly6C* cells with a “monocyte” phenotype (Fig. 4C) into the kidney tissue as early as
2h after surgery. In contrast, PPTN treatment significantly reduced the recruitment of immune
cells, neutrophils and monocytes even at this early time point (Fig. 4A-C). Neutrophil and
monocyte recruitment was also lower in the PPTN-treated group compared to the vehicle-treated
group 24h after IRI (Fig. 4D, 4E). However, by 48h after IRI, neutrophil and monocyte numbers

had returned to baseline with values similar in PPTN- and vehicle-treated mice (Fig. 4E).

Prophylactic inhibition of the P2Y14 receptor reduces the extent of kidney dysfunction after IRI
Further studies explored whether PPTN treatment attenuated the fall in renal function and
the rise in markers of kidney injury that follow AKI. Serum creatinine (sCr), blood urea nitrogen
(BUN), albuminuria, and the PT injury urine marker KIM-1 were assessed in control mice (SHAM)
and mice subjected to renal bilateral IRI. A significant elevation of sCr and BUN was observed
following IRI in vehicle-treated mice, as previously shown by several laboratories (51, 52) (Fig.

5A, B). Mice treated with PPTN showed a significant reduction in sCr and BUN compared to the
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SHAM group, indicating preservation of kidney function after IRI. No effect of PPTN was observed
at the early 2h time point, indicating intrinsic damage caused by ischemia, and sCre did not go up
above this initial elevation 24h and 48h post-IRI. IRI also caused albuminuria (Fig. 5C) and
elevation of KIM-1 urinary concentration (Fig. 5D) indicating damage to PTs (53, 54), which are
known to be among the most affected tubules after IRI. However, PPTN treatment significantly
attenuated albuminuria severity and KIM-1 elevation 48 h after IRI, showing preservation of PT

function (Fig. 5C and D).

Prophylactic inhibition of the P2Y14 receptor reduces kidney damage after IRI

Histopathological examination of kidney sections stained using hematoxilin & eosin (H&E)
was conducted to determine the effect of PPTN on kidney tubules following IRI versus SHAM. As
shown in Fig. 6A, many damaged PTs were detected 24h and 48h after IRI compared to SHAM in
vehicle-treated mice (left panels). A reduction in the number of damaged PTs was observed in the
PPTN-treated groups (right panels) compared to vehicle-treated groups. This protection was
observed 24h and 48h after IRI. No effect of PPTN was observed in the SHAM group (compare top
right and top left panels). We quantified the number of intact, moderately damaged and very
damaged renal tubules, as shown in Fig. 6B. The percentage of intact tubules significantly
increased in the PPTN group compared to DMSO at 48h post-IRI. This was accompanied by a
significant reduction in the number of very damaged tubules at 24h.

Protection by PPTN following IRI was also demonstrated in kidney sections labeled using
phalloidin-Alexa 647, a marker of F-actin. IRI induced a marked actin depolymerization in the
brush-border membrane and along the basolateral membrane of PT cells 24h and 48h after IRI

(Suppl. Fig. 1A, left panels), as previously shown in rats (55). In the treated group, intact brush-
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border membrane and basolateral staining was detected indicating preservation of the actin
cytoskeleton in PT cells (Suppl. Fig. 1A, right panels). Similarly, labeling for the PT specific
scavenger receptor, megalin, showed loss of apical membrane after IRI (Suppl. Fig. 1B, left panels),
and marked protection by PPTN 24h and 48h after IRI (Suppl. Fig. 1B, right panels). To further
assess PT cell polarity, we labeled kidney sections for aquaporin 1 (AQP1), which is located in the
brush-border and basolateral membrane of intact PT cells (56). IRI induced the redistribution of
AQP1 from the plasma membrane into the entire cell body in PTs 24h and 48h after IRI (Fig. 7A,
left panels). This intracellular AQP1 redistribution was less pronounced in the PPTN-treated group
(Fig. 7A, right panels). After IRI in both vehicle- and PPTN-treated groups, while some PT cells
showed a complete loss of AQP1 polarity with absent apical and basolateral staining after IRI (Fig.
7B; very damaged PTs), some cells showed partial redistribution with basolateral staining still
visible (Fig. 7B; moderately damaged PTs). We quantified the number of intact, moderately
damaged and very damaged PTs based on these AQP1 staining patterns, and found a significant
reduction in the number of very damaged PTs together with an increase in the percentage of intact
PTs and a decrease in the percentage of very damaged PTs in the treated groups compared to the

untreated group 24h and 48h after IRI.

Deletion of the P2Y14 receptor in ICs confers kidney protection after IRI

To confirm the role of the P2Y14 receptor in ICs in renal inflammation and kidney damage
leading to ischemic-induced AKI, we next generated an IC-specific P2Y14 receptor KO mouse by
using the Cre-Lox system. Transgenic mice expressing Cre under the promoter of the V-ATPase B1
subunit (ATP6V1B1) in ICs (B1¢r¢) (57, 58) were bred with P2Y14 receptor Lox mice (B6.129-

P2ryl4<tm1Gac>/0rl; EMMA, EM:05368). B1Cret /P2Y14Flox/+ mice (IC KO) and B1¢re-/P2Y14Flox/+
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(IC F/F; controls) were generated. Expression of P2ry14 was assessed by quantitative PCR (qPCR)
in ICs that were isolated by FACS based on their expression of the cell surface receptor c-Kit
(CD117) (59). A negative selection for CD45* immune cells, which also express c-Kit, was
performed (Fig. 8A; left panel, red dots). A significant reduction in PZ2ryl4 expression was
observed in IC KO mice compared to IC F/F mice (Fig. 8A; right panel). IC KO and IC F/F mice were
then subjected to bilateral IR, as described above. Deletion of the P2Y14 receptor in ICs improved
kidney function, illustrated by a reduction in the IRI-induced sCr elevation, compared to IC F/F
mice (Fig. 8B), and reduced renal inflammation (Fig. 8C) 24h after IRI. Protection of renal tubule
integrity was shown and quantified in H&E stained sections (Fig. 8E), and a protective effect of PTs
was demonstrated in kidney sections labeled for AQP1 (Fig. 8F), or F-actin (Supp. Fig. 2). These
results confirm the role of the P2Y14 receptor in ischemic-induced AKI.

Taken together, the results obtained in this pre-clinical AKI model show the participation
of ICs in the rapid onset of renal inflammation, followed by renal dysfunction and PT damage
following an ischemic insult. In our current model (Fig. 9), UDP-GIclevels are increased in the urine
after renal IRI. Stressed PT epithelial cells, which are the most affected cell type in this model (and
potentially other renal cell types), would release UDP-Glc, which then reaches the lumen of the
collecting duct, where it activates the P2Y14 receptor located on the apical membrane of ICs. This
stimulates the production of pro-inflammatory chemokines (PICs) by ICs, followed by rapid renal
recruitment of neutrophils and monocytes. Consistent with our flow cytometry analysis, we found
many neutrophils positive for N-elastase (Suppl. Fig. 3) or Ly6G (Suppl. Fig. 4) adjacent to PTs
(positive for AQP1) in the DMSO group 24h post-IRI, and we showed that this neutrophil
recruitment was strongly attenuated by PPTN. Very few neutrophils were detected in both sham

groups (DMSO or PPTN). Many neutrophils were also detected near intact ICs 24h post-IRI in non-
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treated mice, while very few neutrophils were detected in PPTN-treated mice (Suppl. Fig.5). These
inflammatory cells contribute to creating additional injury by invading PTs, and clogging the
microvasculature of the kidney, which perpetuates and aggravates ischemic injury. We observed
similar levels of moderate renal tubule damage at 2h post-IRI in both the DMSO and PPTN groups
(Suppl. Fig. 6). Altogether, our results show that PPTN confers protection either by facilitating
repair mechanisms in the renal tubules, and/or by attenuating further damage via reduction of
post-ischemia renal inflammation. The latter possibility is supported by our data showing reduced
numbers of apoptotic cells 24h post-IRI in the PPTN versus DMSO groups (Suppl. Fig. 7), as well
as in the IC KO mice (Suppl. Fig. 8). Thus, blocking the P2Y14 receptor with a small molecule or
deleting the receptor specifically in ICs significantly reduces the impact of IRI by reducing renal

inflammation, preserving kidney function and reducing kidney tubule damage.

Urine UDP-glucose is elevated in ICU and cardiac surgery patients who develop AKI

Based on these pre-clinical model data, we next examined whether urinary levels of UDP-
Glc in ICU patients could serve as a potential biomarker for AKI. A longitudinal pilot study was
conducted using 108 urine samples collected from 35 patients. These urine samples were collected
daily from patients admitted to the ICU for up to 8 days. Patient characteristics are displayed in
Table 1. Briefly, median age was 73 years, 97% of enrolled patients were white and 26% were
women. Twenty-six patients underwent elective cardiac-surgery requiring cardiopulmonary
bypass, and five patients had sepsis. Figure 10A displays the peak urinary UDP-Glc concentration
observed for each patient stratified by presence or absence of AKI (defined by at least 0.3mg/dL
increase in sCr). In this cohort, 12 patients developed AKI (AKIN Stages 1, 2, 3) for an incidence of

34%. When patients progressed to a more advanced AKI during the hospital stay, the higher AKI
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stage was used. Significantly higher urinary UDP-Glc concentrations were observed in patients
who developed AKI versus patients who did not. At a cutoff value of 40nM, UDP-Glc predicted AKI
with a sensitivity of 83.3% and specificity of 78.3% (positive predictive value of 66.7%; negative
predictive value of 90.0%). When cardiac surgery patients were analyzed separately, similar
statistic parameters were obtained (Fig. 10B), and at a cutoff value of 40nM, UDP-Glc predicted
AKI with a sensitivity of 66.7% and specificity of 90.0% (positive predictive value of 66.7% and
negative predictive value 0f 90.0%). Results of the Receiver Operator Characteristic (ROC) analysis
are shown in Fig. 10C for all ICU patients (AUC 0.84; 95% CI 0.71, 0.97) and Fig. 10D for cardiac
surgery patients only (AUC 0.91; 95% CI 0.77, 1.00). These results indicate that UDP-GIc is a

promising actionable biomarker as a predictor of AKI due to its high sensitivity and specificity.
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DISCUSSION

Here we report a major role for the UDP-Glc/P2Y14 receptor signaling pathway in driving
early renal inflammation, leading to kidney dysfunction and proximal tubule damage following
renal IRI. We show that inhibition of the P2Y14 receptor using a selective antagonist, or deletion
of the IC P2Y14 receptor, confers strong kidney protection following bilateral renal IRIL. The role
of the P2Y14 receptor ligand UDP-GIc as a potential DAMP involved in acute kidney disease is
supported by the strong correlation between UDP-Glc urinary levels and AKI diagnosis in ICU

patients, with a particularly robust statistical association in cardiac surgery patients.

Using transgenic mice that express EGFP driven by the promoter of the IC specific V-ATPase
subunit, ATP6V1B1, we characterized the transcriptomic profiles of medullary ICs under control
conditions and following renal IRI. Under control conditions, we confirmed expression of several
genes previously shown to be expressed in ICs by RNA sequencing of isolated ICs, as well as single-
cell RNA sequencing (59). These include high expression levels of the transcription factor, Foxil,
the cell surface receptor c-Kit, the cytosolic enzyme carbonic anhydrase type 2 (Car2), V-ATPase
subunits including Atp6vlel, Atp6vig3, Atp6vibl, Atp6vodZ and Atp6vif and Atp6v1h, the solute
transporter Slc26a4, and the purinergic receptor PZry14. Quantitative PCR and RNA-seq showed
that following IRI, medullary ICs rapidly adopted a pro-inflammatory profile characterized by up-
regulation of inflammatory mediators, including chemokines and cytokines. Whether cortical ICs
also have a similar pro-inflammatory function will require additional studies. These results are in
agreement with a previous study showing elevation of cytokines and chemokines in cells isolated

by laser capture microdissection from different kidney regions (60). Interestingly, we found that
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the P2ry14 receptor itself was up-regulated after IRI, and we set out to investigate the role of the
UDP-Glc/P2Y14 receptor signaling pathway in the onset of AKI following renal IRI. We found that
UDP-Glc is rapidly excreted by the kidney following IRI, where it is positioned to activate apical
P2Y14 receptors. Importantly, PPTN is a small molecule that is excreted intact into the urine, and
so itis a suitable therapeutic compound for the prevention/alleviation of AKI. As described below,
PPTN has a protective effect not only in the kidney, but also in the lung and uterus, indicating its

multiple therapeutic potential.

We show here that renal infiltration of neutrophils and monocytes occurs rapidly, within
2h after IR], in agreement with previous reports (27). Blocking this early response with PPTN
protects kidney function and reduces tubular damage, further supporting the notion that
inflammation is involved in the pathogenesis of AKI (14). The role of the P2Y14 receptor in
triggering renal inflammation following renal IRl is in agreement with our previous study showing
that a single intravenous injection of UDP-GIc is sufficient to cause renal neutrophil infiltration in
healthy mice (42). Other groups have also revealed the pro-inflammatory role of the P2Y14
receptor in different tissues including the lung and uterus (41, 43). Patients with cystic fibrosis
have elevated levels of UDP-GIc in their lung secretions, and instillation of UDP-Glc into the trachea
of WT mice induced lung neutrophil recruitment, a process that was inhibited by PPTN (43). The
P2Y14 receptor is expressed in the uterus epithelium, but not in the stroma, in human and mice,
and patients with pelvic inflammatory disease have elevated levels of P2Y14 receptor, IL-8 and IL-
1B in their endometrial epithelial lining (41). The renal IRI-induced increase in P2Y14 receptor
expression, together with elevated levels of CXCL1 and CXCL2 (the IL-8 murine homologs), IL-18,

and other pro-inflammatory mediators, and the attenuated kidney damage in response to IRI that
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we observed after silencing the P2Y14 receptor in ICs are in agreement with this previous study,
which also showed that knocking down the P2Y14 receptor using siRNAs reduced the number of
inflammatory neutrophils in the uterus (41). Collectively, these results indicate that UDP-
Glc/P2Y14 receptor signaling occurs across species and that it acts at the luminal surface of organs
that are in contact with the external environment. The high stability of UDP-Glc in the extracellular
compartment, in contrast to other DAMPs, provides a mechanism by which high extracellular UDP-
Glc levels could be achieved following stress and injury (35). This is supported by the rapid

elevation of urinary UDP-Glc concentration that we detected after IRI.

The role of epithelial cells in mediating injury is rapidly emerging (17, 27). A previous study
showed that alpha-ICs protect against urinary pathogenic bacteria by producing the bacteriostatic
protein lipocalin 2 (also known as NGAL) (61). Our study provides additional evidence that ICs
play a defense role in addition to their traditional role in the regulation of acid/base balance. A
previous study showed that ischemic AKI activates the MAPK pathway (60). Interestingly,
activation of P2Y14 receptor by UDP-Glc also activates this pathway further supporting its role in
the initiation of AKI (35, 42). One of the transcripts that were up-regulated in ICs after IRI is IL-1[3.
This cytokine was recently implicated in the initiation and progression of tubulointerstitial
fibrosis (62) and it is, therefore, possible that the increase in IL-1p that we show here might
contribute to the progression of early inflammation towards fibrosis and might participate in the
AKI to chronic kidney disease (CKD) transition. We also detected strong up-regulation of IL-34 in
ICs, a cytokine that was recently implicated in the onset of AKI and worsening of subsequent CKD

(63). While this article described the up-regulation of IL-34 by renal tubular cells 3 days after IR],
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the present study now shows that this cytokine transcript is rapidly up-regulated in ICs and could

participate in the very early response to AKI.

Other DAMPs produced in different clinical settings may also induce local organ
inflammation (64). For example, ATP, ADP and UDP are known DAMPS, and they may contribute
to the pathophysiology associated with ischemic AKI. Their contribution is tightly regulated by
extracellular ectonucleotidases, which metabolize ATP and ADP into adenosine (65). In addition,
some PPRs are located on the apical surface of tubular cells (e.g. Toll like receptors (TLRs), P2Y14
receptor, etc), and larger circulatory DAMPS such as the TLR ligand HGMB1 may not cross the
glomerular barrier to reach their target. The role of TLRs in AKI has been investigated by several
groups. TLR2 activation was proposed to promote PT repair following cisplatin-induced AKI (66,
67). Inhibition of TLR2 reduces myocardial ischemic-reperfusion injury in pigs (68). In the kidney,
while TLR2 and TLR4 expression is triggered by renal IRI, this increase is preceded by an
abrogation of TLR expression 1 and 6 hours after reperfusion (38, 69). This indicates that they are
probably not involved in the early phase of neutrophil and monocyte extravasation, which occurs
within 2h after [RI (this study and (27)). By contrast, P2Y14 receptor expression is high at baseline
and it further increases following IRI, and its ligand UDP-GIc is rapidly excreted by the kidney
indicating its readiness in initiating the very first steps in the inflammatory cascade that

accompanies AKI.

Bilateral renal IRI mimics the reduction in renal blood flow that occurs in different hospital
settings such as during a direct surgery to remove a kidney tumor, or during transportation of

transplanted kidneys. It also models the significant reduction in renal oxygenation that occurs
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during a cardiac surgery requiring CPB. Indeed, it has been suggested that renal hypoxia secondary
to a significant reduction in renal blood flow during CPB time plays a causative role in post-cardiac
surgery AKI (CS-AKI) (12, 21). Moreover, heart ischemia occurs in addition to renal ischemia
during a cardiac surgery requiring CPB, which would further contribute to the production of
DAMPs. Thus, not only a local insult to the kidney, but damage to a remote organ such as the heart
during surgery might play a role in CS-AKI. This is supported by the strong correlation that we
observed between UDP-Glc and AKI in cardiac surgery patients, where both renal and heart

ischemia may contribute to AKI via activation of the UDP-Glc/P2Y14 receptor signaling pathway.

Paradoxically, PTs do not express the P2Y14 receptor, but inhibition of this receptor in ICs
protects them. The unique architecture of the kidney with collecting ducts, blood vessels and PTs
all running in parallel with each other in the kidney medulla provides a unique morphological
environment that is conducive to a cell-cell crosstalk between ICs and PTs. It is conceivable that
chemokine production specifically in ICs, followed by massive immune cell infiltration, would
affect neighboring PT cells, and thus inhibition of this process would reduce the impact of
ischemia. Indeed, PTs have the ability to regenerate following ischemia (17), and they would do so
more easily in the absence of harmful inflammatory cells. In support of this hypothesis, we
observed similar increases in sCr, BUN and mALB/Cre 2h post-IRI in both the DMSO and PPTN
groups. While sCr remained stable in the PPTN group, it continued to increase after 24h in the non-
treated group. In addition, similar levels of moderate tubular damage were observed 2h post-IRI
in the DMSO and PPTN groups, but the percentage of very damaged renal tubules (assessed in H&E
sections) and PTs (assessed in AQP1-labeled sections) decreased in the PPTN group compared to

DMSO 24h post-IRI. This was accompanied by a significant increase in the percentage of intact
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tubules at 48h in the PPTN versus DMSO groups. In addition, the reduction in albuminuria and
urinary KIM-1 levels that we observed at 48h post-IRI in the treated group compared to non-
treated mice, indicated that PPTN attenuated the PT damage caused by IRIL. Indeed, both an
increased expression of KIM-1 and albuminuria have been previously attributed to PT injury (53,
54). Importantly 24h post-IRI, many neutrophils were found in close proximity to damaged PTs in
the non-treated group, but very few were detected in the PPTN group. Altogether, these results
indicate that PPTN confers renal tubule protection following IRI by either allowing repair
mechanisms to occur, and/or by attenuating further damage via reduction of renal inflammation.
The latter mechanism is supported by the reduced numbers of apoptotic cells that we detected

24h after IRI in the PPTN group versus DMSO.

AKI is a multifactorial disease, and targeted, patient-centered, approaches are now
proposed to develop effective therapeutics. In this context, enrichment strategies based on
biomarkers that are linked to the therapy being tested would allow intervention to a specific group
of patients. This would yield a much larger effect size, a true benefit to therapeutics development
programs. The fact that UDP-Glc is not only an indicator of AKI, but is also a causal marker that
induces early renal inflammation, would provide the advantage of selecting patients that are likely
to benefit from the use of a specific inhibitor that would block the UDP-Glc/P2Y14 receptor pro-
inflammatory pathway. While the IC-specific baseline expression level of the P2Y14 receptor is
high (this study and (59)), its increased expression following IRI makes it a likely player in the
very early steps of inflammation. Importantly, ICs do not appear to be affected by IRI as they
continue to show apical expression of the V-ATPase, in agreement with previous studies showing

that collecting ducts are more resistant to ischemia compared to PTs (70). While the current work
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supports the use of a P2Y14 receptor antagonist to prevent/attenuate AKI following a planned
ischemic episode, additional studies will be required to determine whether this strategy could also

be used in other clinical settings.

In conclusion, our study provides evidence that inhibiting the UDP-Glc/P2Y14 receptor
pathway in ICs plays a protective role in kidneys submitted to an ischemic insult by targeting the
early inflammation pathway, a prominent feature of AKIL. Our observation that elevated urine
levels of UDP-Glc are associated with AKI in ICU and cardiac surgery patients supports further
investigation in humans to test the potential therapeutic benefits of inhibiting this pathway to

prevent/alleviate AKI in hospital settings.
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METHODS

This is a concise method section and additional information is provided in Suppl. Methods.

Animals

Adult C57BL/CBAF1 wild type male mice were purchased from Jackson Laboratories (Bar
Harbor, ME, USA). Transgenic mice that express EGFP under the control of the promoter of the IC
specific V-ATPase B1 subunit (ATP6V1B1) gene (71) were also used; they are referred to as B1-
EGFP mice. Transgenic mice expressing Cre under the control the ATP6V1B1 promoter (B1¢r¢) (57,
58) were bred with p2ry14 Lox mice (B6.129-P2ryl14<tm1Gac>/Orl; EMMA, EM:05368). B1Cret/

p2ry14Flox/+ mice (IC KO) and B1¢re-/ p2ry14¥lox/+ (IC F /F; controls) were generated.

Animal model of ischemia reperfusion injury (IRI)

Mice were housed in groups of three in metabolic cages (Tecniplast,West Chester, PA), and
were acclimated to the metabolic cages for four days before the beginning of the experiment. They
received 4-[4-(4-Piperidinyl)phenyl]-7-[4-(trifluoromethyl)phenyl]-2-naphthalenecarboxylic
acid hydrochloride (PPTN-HCI; Tocris; Cat. No. 4862), or vehicle (DMSO). Mice were divided into
four groups (SHAM-DMSO, SHAM-PPTN, IRI-DMSO and IRI-PPTN). For the 2h time point, mice
were treated via a single injection through the tail vein, and for the 24h and 48h time points they
were treated via osmotic minipumps (ALZET, Cupertino, CA), implanted subcutaneously, one day
prior to the day of IRI surgery.

On the day of bilateral IRI surgery, mice were anesthetized with isofluorane the kidneys

were exposed through flank incisions. The renal pedicle was clamped with an atraumatic vascular



418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

clip during 35min. After the IRI surgery, animals were placed back into metabolic cages and
allowed to recover for 2h, 4h, 24h or 48h post-surgery.

At the end of the experimental period, mice were anesthetized with Nembutal (60mg/kg
body, i.p.), and a blood sample was collected from the left cardiac ventricle. Mice were perfused
via the left cardiac ventricle with phosphate buffered saline (PBS) until kidneys were cleared of
blood. The left kidney artery was clamped, and the left kidney was harvested and processed for
flow cytometry analysis. The perfusion continued with paraformaldehyde-lysine-periodate
fixative (PLP) as previously described (72). The right kidney was used for histopathology and

immunofluorescence analysis.

UDP-glucose measurement by LC-MS/MS

UDP-glucose concentration was measured in mouse urine samples using the LC/MS/MS
method performed at the Small Molecule Mass Spectrometry, Faculty of Arts and Sciences Harvard

University (Cambridge, MA). The parameters used are listed in Suppl. Methods.

Isolation of EGFP* ICs from B1-EGFP mice, RNA extraction and RNA-seq.

Isolation of EGFP* ICs from the renal medulla of B1-EGFP mice was performed as we
previously described (72). The RNA of EGFP* ICs from SHAM or IRI animals was isolated using
PicoRNA KIT (Thermo Fisher Scientific). Each sample was obtained using 2 kidneys (from 2 mice).
RNA-seq libraries were prepared using the Clontech SMARTER Kit v4, followed by sequencing on
an [llumina HiSeq2500 instrument. Transcriptome mapping was performed with STAR (73) using
the Ensembl annotation of mm9 reference genome. Read counts for individual genes were

produced using HTSeq (74). Differential expression analysis was performed using the EdgeR



441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

package (75) after normalizing read counts and including only those genes with CPM > 1 for one
or more samples. Differentially expressed genes were defined based on the criteria of >2-fold
change in expression value and P<0.05 and CV<1.2. Multiplot studio software was used to obtain
differential gene-expression. RNA seq dataset from SHAM and IRI ICs were deposited in the Gene

Expression Omnibus (GEO) website under accession number GS144522.

Isolation of CD117* CD45" ICs

Renal medulla single-cell suspensions were generated from B1Cre*/p2ry14Flox/+ mice (IC
KO) and B1¢re-/p2ry14Flox/+ mice (IC F/F; controls), as described in Suppl. Methods for the EGFP*

IC isolation procedure. Cell suspensions were incubated with anti-mouse antibodies (1:100)

against PE/Cy7 CD117 (clone 2B8) and BV711 CD45 (clone 30-F11). FACS isolation of CD117*
CD45" ICs from the renal medulla was performed at the HSCI-CRM Flow Cytometry Core. The RNA

of CD177* CD45" ICs was isolated using PicoRNA KIT (Thermo Fisher Scientific). Each sample was

obtained using 2 kidneys (one mouse).

Pro-inflammatory molecule expression in EGFP* ICs by qPCR

EGFP* ICs were isolated by FACS from B1-EGFP mice 2h, 4h and 24h after IRI or sham
surgery, and total RNA was isolated from EGFP* cells as described in Suppl. Methods. cDNA was
synthesized from 1000 pg RNA by using the SuperScript VILO cDNA Synthesis Kit (Invitrogen)
according to the manufacturer’s instructions. Quantitative real-time PCR was performed by using
the Power SYBR Green PCR Master Mix (Life Technologies) and primers listed in Suppl. Table 4.

Results are reported as mean + SEM using the formula -ACt= -[Ct target gene-Ct control gene
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Gapdh]. Relative expression is derived from 2-22ct where -AACt = ACt treated group — mean of ACt

control group.

PPTN measurement

The urine concentration of PPTN was quantified by LC/MS/MS at the Small Molecule Mass
Spectrometry, Faculty of Arts and Sciences Harvard University, as described in detail in Suppl.

Methods.

Flow cytometry analysis

Renal medulla single-cell suspensions were generated as previously described (72), and in
Suppl. Methods. Cell suspensions were incubated with anti-mouse antibodies (1:100) against
PE/Cy7 F4/80 (clone BM8), BV711 CD45 (clone 30-F11), APC/Cy7 CD11b (clone M1/711), FITC

LY6C (clone AL-21), PE LY6G (clone 1A8), and Alexa Fluor® 647 CD64 (clone X54-5/7.1).

Measurement of urinary and serum markers of kidney function

Whole blood samples were allowed to clot 30 min at room temperature before
centrifugation at 4,000g for 10min for collection of serum. Blood urea nitrogen (BUN) and serum
creatinine (sCr) were measured using a Heska DriChem 7000 chemical analyser (Loveland, CO,
https://www.heska.com/product/element-dc5x/), and urine creatinine and micro-albuminuria
were measured using the DCA Vantage Analyzer (Siemens Healthineers, Norwood, MA), available
at the Center for Comparative Medicine of MGH (Boston, MA). Urinary KIM-1 concentration was

measured using the mouse KIM-1 ELISA (R&D Systems, Minneapolis, MN; cat. no.: MKM100).
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Immunocytochemistry (H&E) and immunofluorescence

PLP-fixed kidney slices were processed for cryo-sectioning, immunocytochemistry and
immunofluorescence. Kidney sections were labeled using hematoxylin and eosin (H&E), phalloidin
(marker of F-actin), and antibodies against aquaporin 1 and megalin (PT markers), V-ATPase B1
subunit (IC marker), n-elastase and Ly6G (neutrophil markers) and cleaved caspase-3 (apoptotic
marker), as described in detail in Suppl. Methods.

The percentage of intact, moderately damaged and very damaged renal tubules were
quantified in H&E stained sections, and the percentage of intact, moderately damaged and very
damaged PTs was quantified in AQP1-labeled sections by two investigators who were blinded to
the study. The following AQP1 staining patterns were used: Intact PTs were identified when AQP1
was located in the brush-border and basolateral membrane. A complete loss of AQP1 polarity with
absent apical and basolateral staining indicated very damaged PTs. A partial redistribution of
AQP1 with basolateral staining still visible but loss of apical staining indicated moderately
damaged PTs. The number of apoptotic cells was quantified by counting the number of cells
positive for cleaved caspase-3 per area of tissue (16,900um?) in de-identified samples by two

people.

ICU patient pilot study

This prospective pilot study was conducted at the Massachusetts General Hospital (MGH).
Exclusion criteria were age under 18 years, pregnancy, long-term or acute dialysis, and organ
transplantation within the prior year. Written informed consent was obtained from all study

participants. Medical records were reviewed prospectively to retrieve baseline demographic
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characteristics, pre-operative clinical and laboratory variables, including serial serum creatinine
measurements. Urine samples were freshly collected daily, and collection started the time of
arrival at the ICU for the patients not requiring cardiac surgery, or prior to surgery for the cardiac
surgery group.

Urine samples were centrifuged to remove cells and cell debris and urinary aliquots were
stored at -80 °C until assayed. Urinary UDP-Glc concentration was measured using the UDP-
glucose pyrophosphorylase-catalyzed conversion of UDP-glucose and 32P-labeled pyrophosphate
(32PPi) to [3?P]UTP and glucose-1P, as previously described (43, 76), and as detailed in Suppl.

Methods.

Statistical analysis

Pre-clinical study: The numeric data were analyzed using GraphPad Prism (Version 8; GraphPad
Software, La Jolla, CA, USA). Data were analyzed using Student’s t test (two tailed), one-way
ANOVA, or two-way ANOVA followed by Tukey’s or Dunnett’s post hoc tests. A value of P<0.05 was
considered significant. Data were expressed as the means + SEM. For each set of data, at least four
different animals were examined for each condition. Collection, analysis and interpretation of data

were conducted by at least two independent investigators, who were blinded to the study.

Patient study: Patient characteristics were described as median, interquartile range (IQR) for
continuous variables; counts and percentages for categorical variables. The differences between
patients who developed AKI and those who did not were compared using Wilcoxon rank-sum test,
Chi-squared test, and Fisher's Exact Test, as appropriate. We also drew the Receiver Operating

Characteristic (ROC) curves for all patients, and for cardiac surgery patients (77). A Chi-square
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test was performed to compare the area under the ROC curve (AUC) to that of an intercept-only
model, which has an AUC of 0.5. Analyses were conducted using SAS 9.4 and two-sided P values <

0.05 were considered as statistically significant.

Study approval

All pre-clinical procedures were approved by the Massachusetts General Hospital (MGH)
Subcommittee on Research Animal Care and were performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals (Protocol #2015N000016).
The patient pilot study was approved by the MGH institutional review board (Protocol

#2015P000511).
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FIGURE LEGENDS

Figure 1) Renal bi-lateral IRI increases urinary concentration of UDP-Glc. UDP-Glc was
measured by LC-MS/MS in the urine of mice subjected to bi-lateral IRl and sham-operated mice.
UDP-Glc concentration was normalized for urine creatinine (uCre). Each dot represents urine
samples pooled from 3 mice. SHAM2h: n=7 samples (21 mice), SHAM24h: n=16 samples (48 mice),
SHAM48h: n=6 samples (18 mice), IRI2Zh: n=13 samples (39 mice), IRI24h: n=7 samples (21 mice),
IRI48h: n=6 samples (18 mice). Data are means * SEM, analyzed using two-way ANOVA followed
by a Tukey’s post-hoc test. A significant elevation of UDP-Glc/uCre value was detected 2h after IRI
compared to sham (IRIZh vs SHAMZh: *P=0.013). No difference was observed 24h and 48h after

IRL IRI2h vs IR124h: P=0.0006, IRIZh vs IRI48h: P=0.0014.

Figure 2) Renal bi-lateral IRI increases expression of pro-inflammatory transcripts in ICs.
A) Representative pseudoblot of EGFP*ICs isolated by FACS from the kidney of B1-EGFP mice 2h
after bi-lateral IRI. B) q-PCR showing expression of selected pro-inflammatory chemokines 2h, 4h
and 24h after IRI or sham surgery (SHM). Each dot represents one mouse. No difference was
detected in SHM-operated mice (2h, 4h and 24h) and all groups were then combined into a single
SHM group. Data are means * SEM, analyzed using one-way ANOVA followed by a Dunnett’s post-
hoc test. For Cxcl1: SHM (n=8), IRIZh (n=8), IRI4h (n=5), IRI24h (n=6); **P=0.0036, ****P<0.0001.
For Cxcl2: SHM (n=6), IRIZh (n=10), IRI4h (n=6), IRI24h (n=6); *P=0.034, ***P=0.0009. For Ccl2:
SHM (n=8), IRIZh (n=6), IRI4h (n=6), IRI24 h (n=6): *P=0.018, ***P=0.0006. For [I1b: SHM (n=7),
IRIZh (n=8), IRI4h/IRI24h (n=6). For II6: SHM (n=7), IRI2h (n=10), IRI4h/IRI24h (n=5). For Cci3:

SHM (n=7), IRI2Zh (n=9), IRI4h (n=5), [RI24h (n=6). For Ccl4: SHM (n=8), IRI2Zh (n=11),
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IRI4h/IRI24h (n=6). For Tnf and Ccl5: SHM (n=8), IRI2Zh (n=10), IRI4h (n=5), IRI24h (n=6). C)
Volcano plots (fold change (FC) versus P value) of gene expression profiles of ICs, isolated by FACS
2h after IRI (IRI IC) versus SHAM (CTR IC). Each sample of RNA (n=3) was obtained from a pool of
2 kidneys from 2 mice per group. The yellow line shows * 2FC. Genes up-regulated after IRI are
shown in red and genes down-regulated after IRI are shown in blue. The black dots represent
transcripts that were not significantly differentially expressed. Data were analyzed using Student’s

t-test, two-tailed, and a value of P<0.05 was considered significant.

Figure 3) Inhibition of P2Y14 with PPTN attenuates IC-specific up-regulation of pro-
inflammatory chemokines induced by IRI. A) Concentration of PPTN, a specific P2Y14
antagonist, in the urine of mice treated with a single i.v. injection corresponding to 0.18mg/kg
(2h), or via continuous infusion with Alzet osmotic minipumps implanted s.c. for 24h or 48h
corresponding to a dose of 4.55mg/kg/day, versus controls (CTR; treated with the vehicle only).
PPTN urinary concentration was measured using LC-MS/MS. Data are means + SEM analyzed
using one-way ANOVA and a Dunnett’s test. CTR vs 4.55mg/kg/day 24h ***P=0.0007, CTR vs
4.55mg/kg/day 48h ***P=0.0006. B) Quantitative PCR analysis of selected chemokines in ICs
isolated by FACS 2h after IRI versus SHAM. PPTN-treated mice received a dose of 4.55 mg/kg/day
through osmotic minipumps, non-treated mice received the vehicle. Data are means * SEM,
analyzed by one-way ANOVA and Tukey’s test. No difference in chemokine expression was
detected between the SHAM-vehicle and SHAM-PPTN groups, which were then combined into a
single SHAM group (SHM). Some IRI groups are the same as those shown in Figure 2B (IRIZh).
Each dot represents one mouse. For Cxcl1: SHM (n=6), IRI (n=8), IRl PPTN (n =8); ** P=0.0039,

*%p=(0.0002, ****P<0.0001. For Cxcl2: SHM (n=6), IRI (n=10), IRI PPTN (n=8); *P=0.013,
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***#%P<0.0001. For Ccl2: SHM (n=8), IRI (n=8), IRl PPTN (n=8); **P=0.0092, ***P=0.0005. For I/1b:
SHM (n=7) vs IRI (n=8) ***P=0.0006, IRI vs IRI PPTN (n=8) ***P=0.0006. For //6: SHM (n=7), IRI
(n=10), IRI PPTN (n=8); *P=0.042. For Cxcl10: SHM (n=4), IRI (n=6), IRI PPTN (n=7); *P=0.015.
For 111f6: SHM (n=3), IRI (n=5) and IRI PPTN (n=6). For Tnf: SHM (n=9), IRI (n=10) and IRI PPTN

(n =8) and for 1i134: SHM (n=4), IRI (n=6) and IRI PPTN (n=7).

Figure 4) IRI induces the renal recruitment of pro-inflammatory immune cells, and this
process is attenuated by PPTN. A) Flow cytometry analysis of renal recruitment of live CD45+*
immune cells (pink boxes) 2h post-IRI compared to SHAM. SHM DMSO (n=6), IRl DMSO (n=8), IRI
PPTN(n=8); *P=0.037, **P=0.004, ****P<0.0001. B) Renal recruitment of live neutrophils
(CD45+*CD11b*Ly6G*) relative to the live renal cell population (pink boxes) 2h post-IRI compared
to SHAM. SHM DMSO (n=8), IRI DMSO (n=7), IRl PPTN (n=8); **P=0.0013, **P = 0.0001,
***P<0.0001. C) Renal recruitment of live monocytes (CD45+*CD11b*Ly6C*Ly6G-) relative to the
live renal cell population (pink boxes) 2h post-IRI compared to SHAM (n=8 mice in each group).
*P=0.048, ***P=0.0002. D) Renal recruitment of live neutrophils (CD45*CD11b*Ly6G*) relative to
the renal live cell population 24h (left panels; pink boxes) and 48h post-IRI compared to SHAM.
SHM 24h DMSO (n=7), SHM 24h PPTN (n=7), SHM 48h DMSO (n=6), SHM 48h PPTN (n=6), IRI 24h
DMSO (n=7), IRl 24h PPTN (n=6), IRl 48h DMSO (n=11), IRI 48h PPTN (n=10); *P=0.04,
*P=0.0057, ****P<0.0001. E) Renal recruitment of live monocytes (CD45*CD11b*Ly6C*Ly6G-)
relative to the live renal cell population 24h (left panels; pink boxes) and 48h post-IRI compared
to SHAM. SHM 24h DMSO (n=7), SHM 24h PPTN (n=6), SHM 48h DMSO (n=6), SHM 48h PPTN
(n=6), IRI 24h DMSO (n=6), IRI 24h PPTN (n=6), IRI 48h DMSO (n=11), IRI 48h PPTN (n=10).

*P=0.039, ****P<0.0001. In all bar graphs, data are means * SEM, and each dot represents one
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mouse. Panels A, B, C: one-way ANOVA and Tukey’s post-hoc test, Panels D, E: two-way ANOVA

and Tukey’s test.

Figure 5) PPTN protects kidney function post-IRI. A) Serum creatinine (sCre) over time post-
IRI in vehicle-treated mice (DMSO) versus PPTN. Each dot represents one mouse. SHM DMSO
(n=24), SHM PPTN (n=18), [IRIZh DMSO (n=14), IRI2h PPTN (n=7), IRI24h DMSO (n=8), IRI24h
PPTN (n=6), IRI48h DMSO (n=10), IRI48h PPTN (n=10). **P=0.0011, ****P<0.0001. B) BUN over
time post-IRI. Each dot represents one mouse. SHM DMSO (n=24), SHM PPTN (n=18), IRIZh DMSO
(n=14), IRI2h PPTN (n=7), IRI24h DMSO (n=8), IRI24h PPTN (n=6), IRI48h DMSO (n=10), IRI48h
PPTN (n=8). *P=0.038, ****P<0.0001. C) Urine albumin-creatinine ratio (mALB/cre) over time
post-IRI. Each dot represents urine collection from 3 mice. SHM DMSO (n=13, representing 39
mice), SHM PPTN (n=9; 27 mice), IRIZh DMSO (n=7; 21 mice), IRIZh PPTN (n=5; 15 mice), IRI24h
DMSO (n=7; 21 mice), IRI24h PPTN (n=6; 18 mice), IRI48h DMSO (n=4; 12 mice), IRI48h PPTN
(n=4; 12 mice). *P=0.047, ****P<0.0001. D) Urinary concentration of KIM-1 over time post-IRI.
Each dot represents urine collection from 3 mice. SHM DMSO (n=6; 18 mice), SHM PPTN (n=6; 18
mice), IRI24h DMSO (n=6; 18 mice), IRI48h PPTN (n=3; 9 mice), IRI48h DMSO (n=4; 12 mice),
IRI48h PPTN (n=3; 9 mice). *P=0.041, ****P<0.0001. For all graphs, data are means * SEM, and

two-way ANOVA followed by Tukey’s test were performed.

Figure 6) PPTN protects kidney structure and renal tubules post-IRI. A) Kidney sections
stained using hematoxylin and eosin (H&E) in SHAM, and 24h and 48h post-IRI. Right panels show
higher magnification of the regions delineated by the boxes in the left panels. Severe alteration of

renal tubule morphology is observed 24h and 48h post-IRI in the DMSO group. Protection of
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kidney tubules is observed in the PPTN group versus DMSO at both time points post-IRI. No effect
of PPTN alone was observed in the SHAM group. Scale Bar = 1mm, Inset Scale Bar =100um. B)
Quantification of the percentage of intact tubules (green bars), moderately damaged tubules with
detectable cellular structures (blue bars), and very damaged tubules with a complete loss of cell
architecture (red bars). SHAM DMSO (n=7 mice), SHAM PPTN (n=10), [RI24 h DMSO (n=7), IRI24h
PPTN (n=6), IRI48h DMSO (n=7) and IRI48h PPTN (n=8). IRI24h DMSO vs IRI24h PPTN; *P=0.029,
IRI48h DMSO vs IRI48h PPTN; *P=0.016 by two-way ANOVA followed by Tukey’s post-hoc test.

Between 940 and 1700 tubules were analyzed in each group.

Figure 7) PPTN maintains PT polarity post-IRI. A) Kidney sections labeled for AQP1 showed
apical and basolateral localization in PTs from sham-operated mice. 24h and 48h post-IR], a
significant loss of AQP1 polarity was detected. In mice treated with PPTN, several PTs showed
intact AQP1 localization at the brush-border and basolateral membrane. PPTN alone did not affect
AQP1 distribution in sham-operated mice. Scale Bar = 1mm, Inset Scale Bar = 100pum. B)
Quantification of the number of intact PTs with apical and basolateral AQP1 labeling (green bars),
moderately damaged PTs with loss of apical labeling but detectable basolateral labeling (blue
bars), and very damaged PTs with a complete loss of AQP1 polarity (red bars). PPTN induced a
significant reduction in the number of very damaged PTs (IRI 24h DMSO (n=8) vs IRI 24h PPTN
(n=6) **P=0.0043, and IRI 48h DMSO (n=11) vs IRI 48h PPTN (n=9) *P=0.011), together with an
increase in the number of intact PTs 24h and 48h post-IRI (IRI 24h DMSO vs IRI 24h PPTN
*P=0.026, and IRI 48h DMSO vs IRI 48h PPTN *P=0.012, compared to the untreated group. SHM
DMSO (n=5) and SHM PPTN (n=4). Two-way ANOVA followed by a Tukey’s post-hoc test was

performed. Between 1500 and 3000 PTs were analyzed in each group.
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Figure 8) Deletion of P2Y14 in ICs protects kidney function, reduces inflammation and
attenuates damage post-IRI. A) Left: ICs (CD117rosCD45"¢g; red dots) were isolated from
B1Cre+ /P2Y14Flox/+ (IC KO) and B1¢re-/P2Y14Flox/+ (IC F/F; controls) mice. Right: P2ry14 expression
by q-PCR in IC KO versus IC F/F mice. ***P<0.0001 by unpaired two-tailed Student’s t test (n=4).
B) sCr 24h post-IRI versus sham in F/F and IC KO mice. *P=0.031, ***P=0.0008). C) Recruitment
of CD45*CD11b*Ly6G*24h post-IRI in F/F mice vs SHM (***P=0.0003), and attenuation in IC KO
mice (IRI KO vs IRI F/F; *P=0.041). D) Recruitment of CD45*CD11b*Ly6C*Ly6G- 24h post-IRI in
F/F vs SHM (****P<0.0001), and attenuation in IC KO mice (IRI KO vs IRI F/F; *P=0.032).
**P=0.0014. E) H&E staining of kidney of SHAM and 24h post-IRI in F/F and IC KO mice. Bar graph
shows reduction of very damaged tubules (red bars; ***P=0.0002), and increase in intact tubules
(green bars; **P=0.006) 24h post-IRI in KO versus F/F mice. Scale Bar = 50um. F) AQP1 staining
of kidney of SHAM and 24 h post-IRI in F/F and IC KO mice. Bar graph shows reduction of very
damaged PTs (red bars: **P= 0.0012), and increase in intact PTs (green bars: **P=0.0093) 24h
post IRI in IC KO versus F/F. Scale Bar = 50pum. Inset = 10um. Data are means * SEM. Each dot
represents one mouse. Panels B,C,D: One-way ANOVA followed by Tukey’s test. Panels E, F: Two-
way ANOVA followed by Tukey’s test. Panels B,C,D: n=5 for SHM F/F, SHM KO and IRI KO, and n=6
for IRI F/F. Panel E: n=6 for IRI F/F, SHM KO and IRI KO, and n=7 for SHM F/F. Panel F: n=6 mice
for SHAM F/F, IRI24hF/F and IRI124hKO, and n=5 for SHAM KO. Between 1400 and 2500 tubules

were analyzed per group (panels E and F).

Figure 9) Activation of P2Y14 in ICs triggers renal inflammation leading to PT injury. Renal
ischemia induces the release of UDP-GIc from injured cells. UDP-GIc reaches the collecting duct

lumen, where it binds P2Y14 located on the apical membrane of ICs. ICs then produce pro-
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inflammatory chemokines (PICs), which attract circulating neutrophils and monocytes from the
blood vessel into the kidney stroma. Neutrophils and monocytes clog the microvasculature, and

extravasated cells attack proximal tubule cells, creating additional injury.

Figure 10) Elevated UDP-Glc urinary levels are associated with AKI in ICU and cardiac
surgery patients. A) Average peak urinary UDP-Glc concentration in ICU patients with AKI (ICU-
AKI, n=12) and without AKI (no-AKI, n=23). Significantly higher UDP-Glc concentration was
detected in patients who developed AKI versus patient who did not. B) Average peak urinary UDP-
Glc concentration in cardiac surgery patients with AKI (CS-AKI, n = 6) and without AKI (no-AKI, n
= 20). Significantly higher UDP-Glc concentration was detected in patients who developed AKI
versus patients who did not. C) Receiver operator characteristic (ROC) curve for the diagnosis of
AKI (Stage 1, 2 and 3 combined) in ICU patients. Peak UDP-Glc levels versus the higher AKI stage
for each patient were compared. D) Receiver operator characteristic (ROC) curve for the diagnosis
of AKI (Stage 1, 2 and 3 combined) in cardiac surgery patients. Data are expressed as median *
interquartile range (IQR) for continuous variables from a cohort of 35 patients. Panels A and B)
Statistical analysis was performed using Wilcoxon rank-sum test, chi-squared test, and Fisher’s
Exact Test. Panels C and D) A Chi-square test was performed to compare the area under the ROC
curve (AUC) to that of an intercept-only model, which has an AUC of 0.5. Two-sided P values < 0.05

were considered as statistically significant.



931 Table 1) Patient Characteristics

All patients AKI No AKI P value
N=35 N=12 N =23
Age (years) 73 [63, 82] 78 [71, 86] 68 [63, 82] 0.08
Female sex (%) 9 (26%) 1 (8%) 8 (35%) 0.22
White race (%) 34 (97%) 12 (100%) 22 (96%) 1.00
Reason for ICU admission 0.04
(%)
Cardiac Surgery 26 (74%) 6 (50%) 20 (87%)
Sepsis 5 (14%) 3 (25%) 2 (9%)
Other 4 (11%) 3(25%) 1 (4%)
Baseline creatinine 110.9, 1.3] 1.2 [1.0,1.6] 0.9 0.8, 1.1] 0.04
(mg/dL)
Peak creatinine (mg/dL) 1.1[0.9,1.5] 1.8 [1.4,2.8] 0.910.8,1.1] <0.001

932  Continuous variables are presented as median [IQR].

933
934
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Figure 1) Renal bi-lateral IRI increases urinary concentration of UDP-Glc. UDP-Glc was
measured by LC-MS/MS in the urine of mice subjected to bi-lateral IRI and sham-operated
mice. UDP-Glc concentration was normalized for urine creatinine (uCre). Each dot represents
urine samples pooled from 3 mice. SHAMZ2h: n=7 samples (21 mice), SHAM24h: n=16 samples
(48 mice), SHAM48h: n=6 samples (18 mice), IRIZh: n=13 samples (39 mice), IRI24h: n=7
samples (21 mice), IRI48h: n=6 samples (18 mice). Data are means * SEM, analyzed using two-
way ANOVA followed by a Tukey’s post-hoc test. A significant elevation of UDP-Glc/uCre value
was detected 2h after IRI compared to sham (IRIZh vs SHAMZ2h: *P=0.013). No difference was
observed 24h and 48h after IRI. IRI2h vs IRI24h: P=0.0006, IRI2h vs IRI48h: P=0.0014.
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Figure 2) Renal bi-lateral IRI increases expression of pro-inflammatory transcripts in ICs.
A) Representative pseudoblot of EGFP+ICs isolated by FACS from the kidney of B1-EGFP mice 2h
after bi-lateral IRI. B) g-PCR showing expression of selected pro-inflammatory chemokines 2h,
4h and 24h after IRI or sham surgery (SHM). Each dot represents one mouse. No difference was
detected in SHM-operated mice (2h, 4h and 24h) and all groups were then combined into a
single SHM group. Data are means * SEM, analyzed using one-way ANOVA followed by a
Dunnett’s post-hoc test. For Cxcll: SHM (n=8), IRI2h (n=8), IRI4h (n=5), IRI24h (n=6);
**P=0.0036, ****P<0.0001. For Cxcl2: SHM (n=6), IRI2h (n=10), IRI4h (n=6), IRI24h (n=6);
*P=0.034, ***P=0.0009. For Ccl2: SHM (n=8), IRI2h (n=6), IRI4h (n=6), IRI24 h (n=6): *P=0.018,
*#*P=0.0006. For I11b: SHM (n=7), IRI2h (n=8), IRI4h/IRI24h (n=6). For II6: SHM (n=7), IRIZh
(n=10), IRI4h/IRI24h (n=5). For Ccl3: SHM (n=7), IRI2h (n=9), IRI4h (n=5), IRI24h (n=6). For
Ccl4: SHM (n=8), IRI2h (n=11), IRI4h/IRI24h (n=6). For Tnf and Ccl5: SHM (n=8), IRI2h (n=10),
[RI4h (n=5), IRI24h (n=6). C) Volcano plots (fold change (FC) versus P value) of gene expression
profiles of ICs, isolated by FACS 2h after IRI (IRI IC) versus SHAM (CTR IC). Each sample of RNA
(n=3) was obtained from a pool of 2 kidneys from 2 mice per group. The yellow line shows *
2FC. Genes up-regulated after IRI are shown in red and genes down-regulated after IRI are
shown in blue. The black dots represent transcripts that were not significantly differentially
expressed. Data were analyzed using Student’s t-test, two-tailed, and a value of P<0.05 was
considered significant.



A 4004

g ddkk

bt *dkk

2 300 .
3 .
: T

£ 2004 1

Z

> 100 + |° .
e -

o

CTR 0.18mgkg 4.55

iv.2h  mglkg/day mgkg/day

24h

osmotic mini pump (s.c.)

4.55

48h

Cxcl1 Cxcl2 Ccl2
Jeded
§ 807 Kkokk Kk éeo. . " §30. *kk *%
£ = £
< 604 o c
2 2 40; 20
8 8 & *
[ [ o
e .
& . g Ia 5
I N I R B Y 4
SHM IRI IRI SHM IRI IRI SHM IRI IRI
PPTN PPTN PPTN
1b 20- 116 20 Cxcl10
01001 73 »
9 d*kk *kk L_) 9
c
£ g0l £ =
s S 204 S 204
8 s o
8 60 8 * @
5 s g *
X 40 3 10 o S 104
2 20 2 - : <
£ = =
Pl EW T f | . g e
[ N |
SHM IRI IRI SHM IRI IRI SHM IRI IRI
PPTN PPTN PPTN
307 Tnf & 30, 1134 3307 Imfé
g £ =
= S ‘=
520“ w204 ‘% 204
2 8 8 .
o S S .
a -4 x X
s10{ i ® 101 ¢ @104 s
= .
T = . i ol
‘75 . [ e | e | .o
SHM IRI IRI SHM IRI IRI SHM IRI IRI
PPTN PPTN PPTN

Figure 3) Inhibition of P2Y14 with PPTN attenuates IC-specific up-regulation of pro-
inflammatory chemokines induced by IRI. A) Concentration of PPTN, a specific P2Y14 antagonist,
in the urine of mice treated with a single i.v. injection corresponding to 0.18mg/kg (2h), or via
continuous infusion with Alzet osmotic minipumps implanted s.c. for 24h or 48h corresponding to a
dose of 4.55mg/kg/day, versus controls (CTR; treated with the vehicle only). PPTN urinary
concentration was measured using LC-MS/MS. Data are means * SEM analyzed using one-way
ANOVA and a Dunnett’s test. CTR vs 4.55mg/kg/day 24h ***P=0.0007, CTR vs 4.55mg/kg/day 48h
*%P=0.0006. B) Quantitative PCR analysis of selected chemokines in ICs isolated by FACS 2h after IRI
versus SHAM. PPTN-treated mice received a dose of 4.55 mg/kg/day through osmotic minipumps,
non-treated mice received the vehicle. Data are means + SEM, analyzed by one-way ANOVA and
Tukey’s test. No difference in chemokine expression was detected between the SHAM-vehicle and
SHAM-PPTN groups, which were then combined into a single SHAM group (SHM). Some IRI groups
are the same as those shown in Figure 2B (IRIZh). Each dot represents one mouse. For Cxcl1: SHM
(n=6), IRI (n=8), IRI PPTN (n =8); ** P=0.0039, ***P=0.0002, ****P<0.0001. For Cxcl2: SHM (n=6), IRI
(n=10), IRI PPTN (n=8); *P=0.013, ****P<0.0001. For Ccl2: SHM (n=8), IRI (n=8), IRI PPTN (n=8);
**P=0.0092, ***P=0.0005. For Il1b: SHM (n=7) vs IRI (n=8) ***P=0.0006, IRI vs IRl PPTN (n=8)
*#*pP=0.0006. For II6: SHM (n=7), IRI (n=10), IRI PPTN (n=8): *P=0.042. For Cxcl10: SHM (n=4), IRI
(n=6), IRI PPTN (n=7); *P=0.015. For I11f6: SHM (n=3), IRI (n=5) and IRI PPTN (n=6). For Tnf: SHM
(n=9), IRI (n=10) and IRI PPTN (n = 8) and for /I134: SHM (n=4), IRI (n=6) and IRI PPTN (n=7).
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Figure 4) IRI induces the renal recruitment of pro-inflammatory immune cells, and this
process is attenuated by PPTN. A) Flow cytometry analysis of renal recruitment of live CD45+*
immune cells (pink boxes) 2h post-IRI compared to SHAM. SHM DMSO (n=6), IRI DMSO (n=8), IRI
PPTN(n=8); *P=0.037, **P=0.004, ****P<0.0001. B) Renal recruitment of live neutrophils
(CD45+CD11b+*Ly6G*) relative to the live renal cell population (pink boxes) 2h post-IRI compared to
SHAM. SHM DMSO (n=8), IRI DMSO (n=7), IRl PPTN (n=8); **P=0.0013, ***P = 0.0001,
***P<0.0001. C) Renal recruitment of live monocytes (CD45+*CD11b+Ly6C+Ly6G-) relative to the live
renal cell population (pink boxes) 2h post-IRI compared to SHAM (n=8 mice in each group).
*P=0.048, ***P=0.0002. D) Renal recruitment of live neutrophils (CD45+CD11b+*Ly6G*) relative to
the renal live cell population 24h (left panels; pink boxes) and 48h post-IRI compared to SHAM.
SHM 24h DMSO (n=7), SHM 24h PPTN (n=7), SHM 48h DMSO (n=6), SHM 48h PPTN (n=6), IRI 24h
DMSO (n=7), IRI 24h PPTN (n=6), IRl 48h DMSO (n=11), IRI 48h PPTN (n=10); *P=0.04,
**P=0.0057, ****P<0.0001. E) Renal recruitment of live monocytes (CD45+CD11b*Ly6C+Ly6G-)
relative to the live renal cell population 24h (left panels; pink boxes) and 48h post-IRI compared to
SHAM. SHM 24h DMSO (n=7), SHM 24h PPTN (n=6), SHM 48h DMSO (n=6), SHM 48h PPTN (n=6),
IRI 24h DMSO (n=6), IRI 24h PPTN (n=6), IRl 48h DMSO (n=11), IRI 48h PPTN (n=10). *P=0.039,
*#x4P<0.0001. In all bar graphs, data are means * SEM, and each dot represents one mouse. Panels
A, B, C: one-way ANOVA and Tukey’s post-hoc test, Panels D,E: two-way ANOVA and Tukey’s test.
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Figure 5) PPTN protects kidney function post-IRI. A) Serum creatinine (sCre) over time
post-IRI in vehicle-treated mice (DMSO) versus PPTN. Each dot represents one mouse. SHM
DMSO (n=24), SHM PPTN (n=18), IRI2h DMSO (n=14), IRI2h PPTN (n=7), IRI24h DMSO (n=8),
IRI24h PPTN (n=6), IRI48h DMSO (n=10), IRI48h PPTN (n=10). **P=0.0011, ****P<0.0001. B)
BUN over time post-IRI. Each dot represents one mouse. SHM DMSO (n=24), SHM PPTN
(n=18), IRI2h DMSO (n=14), IRI2h PPTN (n=7), IRI24h DMSO (n=8), IRI24h PPTN (n=6),
IRI48h DMSO (n=10), IRI48h PPTN (n=8). *P=0.038, ****P<(0.0001. C) Urine albumin-
creatinine ratio (mALB/cre) over time post-IRI. Each dot represents urine collection from 3
mice. SHM DMSO (n=13, representing 39 mice), SHM PPTN (n=9; 27 mice), IRI2Zh DMSO (n=7;
21 mice), IRIZh PPTN (n=5; 15 mice), IRI24h DMSO (n=7; 21 mice), IRI24h PPTN (n=6; 18
mice), IRI48h DMSO (n=4; 12 mice), IRI48h PPTN (n=4; 12 mice). *P=0.047, ****P<0.0001. D)
Urinary concentration of KIM-1 over time post-IRI. Each dot represents urine collection from 3
mice. SHM DMSO (n=6; 18 mice), SHM PPTN (n=6; 18 mice), IRI24h DMSO (n=6; 18 mice),
IRI48h PPTN (n=3; 9 mice), IRI48h DMSO (n=4; 12 mice), IRI48h PPTN (n=3; 9 mice).
*P=0.041, ****P<0.0001. For all graphs, data are means + SEM, and two-way ANOVA followed
by Tukey’s test were performed.
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Figure 6) PPTN protects kidney structure and renal tubules post-IRI. A) Kidney sections
stained using hematoxilin and eosin (H&E) in SHAM, and 24h and 48h post-IRI. Right panels show
higher magnification of the regions delineated by the boxes in the left panels. Severe alteration of
renal tubule morphology is observed 24h and 48h post-IRI in the DMSO group. Protection of kidney
tubules is observed in the PPTN group versus DMSO at both time points post-IRI. No effect of PPTN
alone was observed in the SHAM group. Scale Bar = 1mm, Inset Scale Bar =100pm. B) Quantification
of the percentage of intact tubules (green bars), moderately damaged tubules with detectable
cellular structures (blue bars), and very damaged tubules with a complete loss of cell architecture
(red bars SHAM DMSO (n=7 mice), SHAM PPTN (n=10), IRI24 h DMSO (n=7), IRI24h PPTN (n=6),
IRI48h DMSO (n=7) and IRI48h PPTN (n=8). ). IRI24h DMSO vs IRI24h PPTN; *P=0.029, IRI48h
DMSO vs IRI48h PPTN; *P=0.016 by two-way ANOVA followed by Tukey’s post-hoc test. Between
940 and 1700 tubules were analyzed in each group.
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Figure 7) PPTN maintains PT polarity post-IRI. A) Kidney sections labeled for AQP1 showed
apical and basolateral localization in PTs from sham-operated mice. 24h and 48h post-IRI, a
significant loss of AQP1 polarity was detected. In mice treated with PPTN, several PTs showed intact
AQP1 localization at the brush-border and basolateral membrane. PPTN alone did not affect AQP1
distribution in sham-operated mice. Scale Bar = 1mm, Inset Scale Bar = 100pm. B) Quantification of
the number of intact PTs with apical and basolateral AQP1 labeling (green bars), moderately
damaged PTs with loss of apical labeling but detectable basolateral labeling (blue bars), and very
damaged PTs with a complete loss of AQP1 polarity (red bars). PPTN induced a significant reduction
in the number of very damaged PTs (IRl 24h DMSO (n=8) vs IRI 24h PPTN (n=6) **P=0.0043, and
IRI 48h DMSO (n=11) vs IRI 48h PPTN (n=9) *P=0.011), together with an increase in the number of
intact PTs 24h and 48h post-IRI (IRI 24h DMSO vs IRI 24h PPTN *P=0.026, and IRI 48h DMSO vs IRI
48h PPTN *P=0.012), compared to the untreated group. SHM DMSO (n=5) and SHM PPTN (n=4).
Two-way ANOVA followed by a Tukey’s post-hoc test was performed. Between 1500 and 3000 PTs
were analyzed in each group.
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Figure 8) Deletion 0f P2Y14 in ICs protects kidney function, reduces inflammation and attenuates
damage post-IRI. A) Left: ICs (CD117r°sCD45"¢g; red dots) were isolated from B1Cret/P2Y14Flox/+ (IC
KO) and B1¢re-/P2Y14Flex/+ (IC F/F; controls) mice. Right: P2ry14 expression by q-PCR in IC KO versus IC
F/F mice. ***P<0.0001 by unpaired two-tailed Student’s t test (n=4). B) sCr 24h post-IRI versus sham
in F/F and IC KO mice. *P=0.031, ***P=0.0008). C) Recruitment of CD45+*CD11b*Ly6G*24h post-IRI in
F/F mice vs SHM (***P=0.0003), and attenuation in IC KO mice (IRI KO vs IRI F/F; *P=0.041). D)
Recruitment of CD45+*CD11b*Ly6C*Ly6G- 24h post-IRI in F/F vs SHM (****P<0.0001), and attenuation
in IC KO mice (IRI KO vs IRI F/F; *P=0.032). **P=0.0014. E) H&E staining of kidney of SHAM and 24h
post-IRI in F/F and IC KO mice. Bar graph shows reduction of very damaged tubules (red bars;
**P=0.0002), and increase in intact tubules (green bars; **P=0.006) 24h post-IRI in KO versus F/F mice.
Scale Bar = 50um. F) AQP1 staining of kidney of SHAM and 24 h post-IRI in F/F and IC KO mice. Bar
graph shows reduction of very damaged PTs (red bars: **P= 0.0012), and increase in intact PTs (green
bars: **P=0.0093) 24h post IRI in IC KO versus F/F. Scale Bar = 50um. Inset = 10pum. Data are means *
SEM. Each dot represents one mouse. Panels B,C,D: One-way ANOVA followed by Tukey’s test. Panels E,
F: Two-way ANOVA followed by Tukey’s test. Panels B,C,D: n=5 for SHM F/F, SHM KO and IRI KO, and
n=6 for IRI F/F. Panel E: n=6 for IRI F/F, SHM KO and IRI KO, and n=7 for SHM F/F. Panel F: n=6 mice
for SHAM F/F, IRI124hF/F and IRI24hKO, and n=5 for SHAM KO. Between 1400 and 2500 tubules were
analyzed per group (panels E and F).
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Figure 9) Activation of P2Y14 in ICs triggers renal inflammation leading to PT injury. Renal
ischemia induces the release of UDP-Glc from injured cells. UDP-Glc reaches the collecting duct
lumen, where it binds P2Y14 located on the apical membrane of ICs. ICs then produce pro-
inflammatory chemokines (PICs), which attract circulating neutrophils and monocytes from the
blood vessel into the kidney stroma. Neutrophils and monocytes clog the microvasculature, and
extravasated cells attack proximal tubule cells, creating additional injury.
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Figure 10) Elevated UDP-Glc urinary levels are associated with AKI in ICU and cardiac surgery
patients. A) Average peak urinary UDP-Glc concentration in ICU patients with AKI (ICU-AKI, n=12)
and without AKI (no-AKl, n=23). Significantly higher UDP-Glc concentration was detected in
patients who developed AKI versus patient who did not. B) Average peak urinary UDP-Glc
concentration in cardiac surgery patients with AKI (CS-AKI, n = 6) and without AKI (no-AKl, n =
20). Significantly higher UDP-Glc concentration was detected in patients who developed AKI
versus patients who did not. C) Receiver operator characteristic (ROC) curve for the diagnosis of
AKI (Stage 1, 2 and 3 combined) in ICU patients. Peak UDP-GIc levels versus the higher AKI stage
for each patient were compared. D) Receiver operator characteristic (ROC) curve for the
diagnosis of AKI (Stage 1, 2 and 3 combined) in cardiac surgery patients. Data are expressed as
median % interquartile range (IQR) for continuous variables from a cohort of 35 patients. Panels
A and B) Statistical analysis was performed using Wilcoxon rank-sum test, chi-squared test, and
Fisher’s Exact Test. Panels C and D) A Chi-square test was performed to compare the area under
the ROC curve (AUC) to that of an intercept-only model, which has an AUC of 0.5. Two-sided P
values < 0.05 were considered as statistically significant.
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