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I M M U N O L O G Y

Dipeptidase-1 governs renal inflammation during 
ischemia reperfusion injury
Arthur Lau1, Jennifer J. Rahn1, Mona Chappellaz1, Hyunjae Chung1, Hallgrimur Benediktsson2, 
Dominique Bihan3, Anne von Mässenhausen4, Andreas Linkermann4, Craig N. Jenne5,  
Stephen M. Robbins6†, Donna L. Senger6†, Ian A. Lewis3, Justin Chun1, Daniel A. Muruve1*

The mechanisms that drive leukocyte recruitment to the kidney are incompletely understood. Dipeptidase-1 (DPEP1) 
is a major neutrophil adhesion receptor highly expressed on proximal tubular cells and peritubular capillaries of 
the kidney. Renal ischemia reperfusion injury (IRI) induces robust neutrophil and monocyte recruitment and causes 
acute kidney injury (AKI). Renal inflammation and the AKI phenotype were attenuated in Dpep1−/− mice or mice 
pretreated with DPEP1 antagonists, including the LSALT peptide, a nonenzymatic DPEP1 inhibitor. DPEP1 deficiency 
or inhibition primarily blocked neutrophil adhesion to peritubular capillaries and reduced inflammatory monocyte 
recruitment to the kidney after IRI. CD44 but not ICAM-1 blockade also decreased neutrophil recruitment to the 
kidney during IRI and was additive to DPEP1 effects. DPEP1, CD44, and ICAM-1 all contributed to the recruitment 
of monocyte/macrophages to the kidney following IRI. These results identify DPEP1 as a major leukocyte adhesion 
receptor in the kidney and potential therapeutic target for AKI.

INTRODUCTION
Acute kidney injury (AKI) is a significant clinical problem for 
which no specific therapies, aside from supportive care, currently 
exist. Patients who experience AKI in several contexts are at 
higher risk of cardiovascular events, chronic or end-stage kidney 
disease, and death (1, 2). Renal ischemia reperfusion injury (IRI) 
is a major cause of AKI. A reduction in renal blood flow followed 
by reperfusion during patient recovery occurs in numerous 
clinical contexts including cardiac surgery and kidney trans-
plantation (3–5).

Renal IRI triggers inflammation and leukocyte infiltration to the 
tubulointerstitial compartment as well as tubular cell death via 
several mechanisms that include necroptosis and ferroptosis (6, 7). 
The inflammatory response plays a significant role in the patho-
physiology of AKI, and several experimental studies have demonstrated 
improved clinical AKI phenotypes when inflammation is blocked (8, 9). 
Consistent with these studies, biomarkers of inflammation are com-
monly observed in patients with AKI (10, 11). Despite these findings, 
mechanisms that drive inflammation and leukocyte recruitment to 
the kidney during injury are not well understood.

The recruitment of neutrophils and other leukocytes from the 
blood into injured or infected tissues is a multistep process that 
differs between tissues. The classical recruitment process for vascular 
beds within the muscle, mesentery, and skin requires the initial 

tethering and rolling of the neutrophil that is mediated by selectins 
(e.g., E- and P-selectin) on endothelial cells and their counter- 
receptors (e.g., P-selectin glycoprotein ligand-1) on neutrophils, 
followed by firm adhesion to the integrin family of receptors (12). 
Neutrophil recruitment to the liver and lungs, however, does not 
follow this classical cascade but appears to require distinct mecha-
nism(s) (13, 14). In the kidney, studies in models of renal IRI have 
demonstrated a role for P-selectin, E-selectin, intercellular adhesion 
molecule–1 (ICAM-1), and CD44 expressed in peritubular capillar-
ies in leukocyte recruitment (15–18). Blocking ICAM-1, CD44, or 
corresponding leukocyte integrin ligands using pharmacologic or 
genetic approaches prevents leukocyte adhesion in the kidney and 
improves the IRI phenotype. However, targeting single pathways 
during IRI only partially prevents leukocyte recruitment, suggesting 
that alternate pathways exist (15, 16, 18, 19).

Dipeptidase-1 (DPEP1) is a glycosylphosphatidylinositol-anchored, 
disulfide-linked, glycosylated homodimer highly expressed in the 
brush border of proximal tubular epithelial cells (20–22). DPEP1 is 
classically known to hydrolyze dipeptides and is involved in gluta-
thione and leukotriene metabolism (23). DPEP1 also metabolizes 
the beta-lactam ring of thienamycin antibiotics and is the target of 
the enzymatic inhibitor cilastatin, a drug developed specifically 
to increase the half-life of the antibiotic imipenem (23, 24). Studies 
from our group and others (25–27) have identified a role for 
DPEP1 in toxin-induced AKI triggered by agents such as radio-
graphic contrast and cisplatin.

Recently, our group uncovered a previously unidentified role for 
DPEP1 in leukocyte adhesion to endothelium in the lungs and liver 
during sepsis (14). The mechanism is independent of DPEP1’s 
enzymatic activity and likely involves a direct interaction with an as 
yet uncharacterized ligand on leukocytes. Given the abundant ex-
pression of DPEP1 in the kidney, we postulated that DPEP1 could 
also play a role in renal inflammation in the context of nonmicrobial 
and non–drug-induced kidney injury. In this study, we show that 
DPEP1 regulates the adhesion of neutrophils and monocytes to 
the peritubular capillaries during renal IRI and contributes to the 
severity of AKI.
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RESULTS
DPEP1 expression in the kidney
DPEP1 was first identified in the brush border of the rat proximal 
tubule and characterized as an enzyme that metabolized the di-
peptide cysteinylglycine, leukotriene D4, and the beta-lactam ring 
of antibiotics such as imipenem (21–23). Consistent with these 
findings, immunohistochemistry confirmed DPEP1 expression 
primarily in the proximal tubule of the normal human kidney 
(Fig. 1A). Recently, our group identified a previously unknown 
role for endothelium-expressed DPEP1 in neutrophil recruitment 
to the lungs and liver (14). Endothelial cell activation was required 
to modulate DPEP1’s leukocyte adhesion capability. Given the 
minimal expression of DPEP1 on vascular endothelium in normal 
kidney, we next assessed DPEP1 expression in allograft biopsies 
of kidney transplant patients who experienced IRI, without rejec-
tion, early after transplant. Increased DPEP1 expression could be 
identified in the peritubular capillaries of injured kidneys (Fig. 1A). 
In mice, DPEP1 protein expression increased in total kidney 
homogenates within 8 hours of IRI or systemic lipopolysaccharide 

(LPS) administration (Fig. 1, B and C). IRI and LPS also induced 
a slight increase in DPEP1 molecular mass consistent with addi-
tional posttranslational modification that may underlie its leuko-
cyte adhesion properties (14). To localize DPEP1 expression in 
mouse kidneys, tissues were assessed by conventional immuno-
histochemistry and probed with fluorescent-labeled LSALT, a 
DPEP1-binding peptide and nonenzymatic DPEP1 inhibitor (14). 
In normal mouse kidney, DPEP1 expression was seen primarily not 
only in the brush border of proximal tubular cells but also in the 
peritubular capillary network, as observed in the human kidney 
(Fig. 1, D and E). Following IRI or systemic LPS administration, 
DPEP1 expression and LSALT peptide binding increased substan-
tially in both compartments, especially in the peritubular capillaries 
(Fig. 1, D and E). DPEP1 expression and induction on kidney endo-
thelium and epithelium, but not infiltrating leukocytes, following 
renal IRI and LPS administration were verified by flow cytometry 
(Fig. 1F). These data confirm DPEP1 expression in the kidney 
epithelium and endothelium at baseline and up-regulation follow-
ing injury.

Fig. 1. DPEP1 expression in the kidney. (A) DPEP1 immunohistochemistry in normal human kidney and allograft biopsies with clinical ATN/acute tubular necrosis (ATN). 
Arrows denote peritubular capillaries. Pt1 and Pt2 denote biopsies from 2 individual patients. Scale bars, 50 m. Right panels are magnification of hatched boxes. (B and 
C) Immunoblot probing for DPEP1 in kidney lysates from mice treated with renal IRI and lipopolysaccharide (LPS) at 8 hours. Sham and untreated (NT) mice are controls. 
(D) DPEP1 immunohistochemistry in wild-type (WT) mouse kidneys following IRI or LPS treatment at 8 hours. Kidney from untreated Dpep1−/− mouse is used as a control. 
Arrows denote peritubular capillaries. Scale bars, 50 m. (E) Kidney IVM in mice following sham operation, LPS administration, and IRI (8 hours). Tubules are visualized 
using autofluorescence and DPEP1 expression by fluorescent- labeled LSALT peptide. Arrows denote peritubular capillaries. Labels: tubules (green) and DPEP1 (red). Scale bars, 
100 m. Bottom panels are magnification of hatched boxes. (F) Representative flow cytometry for DPEP1 expression in cells isolated from the kidneys of untreated (NT), 
LPS-, or IRI-treated mice (8 hours). Cells sorted using LTL (proximal tubular epithelial cells), CD31 (endothelial cells), and CD45 (leukocytes).
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DPEP1 mediates leukocyte adhesion in the kidney
DPEP1 is a neutrophil adhesion receptor in the lungs and liver 
during endotoxemia and sepsis (14). To determine the role of DPEP1 
in nonmicrobial kidney inflammation, leukocyte recruitment was 
assessed using intravital microscopy (IVM) in Dpep1−/− mice under-
going IRI. A robust influx of adherent CD11b+ leukocytes was ob-
served in the peritubular capillaries of wild-type kidneys within 2 hours 
of IRI, a response that was significantly less in the kidneys of Dpep1−/− 
mice (Fig. 2, A and B). Next, experiments were performed to assess 
renal inflammation following pharmacologic inhibition of DPEP1. 
LSALT is a DPEP1 targeting peptide that blocks DPEP1-mediated 
leukocyte adhesion but not DPEP1 enzymatic activity (14). Using 
IVM in LysMgfp/gfp reporter mice that express green fluorescent protein 
(GFP) in myelomonocytic cells (neutrophils and circulating monocyte/
macrophages) (28), LSALT peptide, but not scrambled peptide, 
inhibited the recruitment of GFP+ leukocytes to the kidney in a dose- 
dependent manner at 2 hours following IRI (Fig. 2, C to F). Since 
IVM can only visualize the superficial renal cortex, flow cytometry 
was used to characterize total kidney leukocyte populations affected 
by DPEP1 deficiency or pharmacologic inhibition (Fig. 3 and fig. S1). 
At 24 hours after IRI, a significant reduction of both neutrophils 
and inflammatory monocytes was seen. At 48 hours, DPEP1 inhibi-
tion or deficiency affected mainly neutrophil recruitment and less 
so inflammatory monocytes, perhaps because of the changing pheno-
type of macrophages that occurs in this model at this time point (8). 
DPEP1 inhibition using LSALT peptide had minimal impact on 
other leukocyte populations such as lymphocytes and natural killer 
(NK) cells (fig. S2). Last, similar experiments were performed using 
the small-molecule DPEP1 enzymatic inhibitor, cilastatin (24), and 
an alternate DPEP1-binding peptide, GFE-1 (29). As observed with 
LSALT peptide, both cilastatin and GFE-1 inhibited early leukocyte re-
cruitment to the kidney following IRI in LysMgfp/gfp mice as determined 

by IVM (Fig. 4, A and B). Cilastatin induced similar changes in total 
leukocyte populations at 48 hours following IRI as seen in LSALT 
peptide–treated or Dpep1−/− mice. Flow cytometry of total kidney 
leukocyte populations revealed a greater reduction in neutrophils 
rather than inflammatory monocytes following IRI and cilastatin 
treatment (Fig. 4, C and D). These data show that DPEP1 is involved 
in leukocyte recruitment to the kidney during IRI, an effect that can 
be targeted pharmacologically.

DPEP1 antagonists abrogate ischemia  
reperfusion–induced AKI
Several studies have demonstrated the effectiveness of inhibiting 
general leukocyte recruitment to improve the renal phenotype 
of experimental AKI (16, 18, 19). To assess whether inhibiting 
DPEP1-mediated inflammation would affect the ischemia reperfusion–
induced AKI, phenotypic studies of renal injury were performed. 
Consistent with the effects observed on leukocyte populations, 
Dpep1−/− mice demonstrated less kidney injury molecule-1 (KIM-1) 
expression, a marker of tubular injury, and improved kidney func-
tion at 48 hours after IRI in a single kidney nephrectomy model 
(Fig. 5, A and B). Similarly, pretreatment of mice with cilastatin 
or the LSALT peptide also attenuated the up-regulation of KIM-1 
and improved kidney function, as measured by serum creatinine 
(Fig. 5, C and D). In all cases, the improved AKI phenotype was 
associated with a reduction in tubulointerstitial neutrophils, as seen 
by immunofluorescence microscopy (Fig. 5, A and C). Thus, inhib-
iting DPEP1-mediated leukocyte recruitment using pharmacologic 
and genetic approaches reduces the severity of experimental AKI.

DPEP1 is a major leukocyte adhesion molecule in the kidney
Leukocyte recruitment to the kidney is incompletely understood. 
CD44 and ICAM-1 have previously been identified as key leukocyte 

Fig. 2. DPEP1 and leukocyte recruitment during kidney IRI. (A) Kidney IVM in Dpep1+/+ and Dpep1−/− mice at 2 hours following renal IRI. Labels: leukocytes (CD11b, red), 
tubules (autofluorescence, green), and capillaries (QTracker, blue). Scale bars, 100 m. (B) Quantification of stationary CD11b+ cells/field in the kidney (Dpep1+/+ versus 
Dpep1−/−, **P = 0.003, n = 5 to 6 per group, Student’s t test). (C) Kidney IVM in LysMgfp/gfp mice 2 hours following IRI. Mice were pretreated with vehicle (phosphate-buffered 
saline), scrambled (Scr) LSALT peptide, or LSALT peptide. Labels: leukocytes (LysM-GFP, bright green) and capillaries (QTracker, blue). Scale bars, 50 m. (D) Quantification of 
stationary GFP+ leukocytes/field in the kidneys of mice 2 hours after IRI treatment with vehicle, LSALT peptide, or scrambled LSALT peptide (LSALT peptide versus scrambled 
peptide, *P = 0.03, n = 3 to 5). (E) Kidney IVM and (F) quantification of stationary GFP+ leukocytes in LysMgfp/gfp mice 2 hours after IRI treatment with increasing doses of LSALT 
peptide. Labels: macrophages (F4/80, red), leukocytes (LysM-GFP, yellow), tubules (autofluorescence, dark green), and capillaries (QTracker, blue) [LSALT peptide 0 g/kg versus 
0.1 g/kg, ***P = 0.0002; 1 g/kg, ***P = 0.0001; 10 g/kg, ***P = 0.0003; 100 g/kg, ***P = 0.0001; n = 3 to 5 per group, analysis of variance (ANOVA) with Dunnett’s post hoc test].
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adhesion receptors in the tubulointerstitial compartment of the kidney 
during IRI (16, 18, 19). However, redundant pathways mediating 
renal inflammation are suggested because of the incomplete suppres-
sion of leukocyte recruitment observed when CD44 and ICAM-1 are 
individually targeted. To determine the relative importance of DPEP1 
compared with CD44 and ICAM-1 in renal leukocyte recruitment, 
flow cytometry studies were conducted in LysMgfp/gfp mice undergoing 
IRI and treated with CD44 and/or ICAM-1–blocking antibodies. 
Leukocyte adhesion was first examined at early time points after IRI 
using IVM. Both CD44 and DPEP1 blockade, using the IM7 anti-
body (30) or LSALT peptide, respectively, prevented the adhesion of 
GFP+ leukocytes to the kidney at 2 hours after IRI (Fig. 6, A and B). 
In contrast, ICAM-1 blockade using the YN1/1.7.4 antibody (31) 
had little impact on renal inflammation at this time point. Studies 
were next performed analyzing total kidney GFP+ leukocyte sub-
populations by flow cytometry (fig. S3). Whereas DPEP1 inhibition 
using the LSALT peptide reduced all GFP+ leukocyte populations 
to the kidney, including neutrophils and monocyte/macrophages, 
blocking ICAM-1 antibodies only inhibited GFPint macrophages at 
24 hours after IRI (Fig. 6, C and D). When administered with the 
LSALT peptide, ICAM-1 antibody was additive with a significant 

reduction observed in the recruitment of all GFP+ leukocytes (Fig. 6D). 
Blocking CD44 antibodies prevented the recruitment of both GFPint 
macrophages and GFPhi neutrophils and appeared to be slightly 
more effective than LSALT peptide in the recruitment of neutrophils 
(Fig. 6, C and D). Like ICAM-1, combining LSALT peptide with 
anti-CD44 antibodies provided an additive effect, reducing total 
leukocyte populations in the kidney further with an almost complete 
inhibition of neutrophil recruitment (Fig. 6D). Together, these results 
demonstrate that during experimental renal IRI, neutrophil recruit-
ment is mediated primarily by CD44 and DPEP1, whereas the 
recruitment of inflammatory monocytes and macrophages involves 
all three molecules, including ICAM-1.

DPEP1-mediated leukocyte recruitment does not depend 
on tubular injury
DPEP1 plays a role in glutathione metabolism and has recently been 
implicated in ferroptosis, a key process in the pathogenesis of AKI 
(7, 25, 32). Thus, the reduction in leukocyte recruitment and inflam-
mation observed following DPEP1 inhibition or deficiency during 
IRI may be an indirect result of DPEP1 effects on tubular injury and 
death. To investigate this possibility, expression of key ferroptosis 

Fig. 3. DPEP1-mediated neutrophil and inflammatory monocyte recruitment to the injured kidney. Flow cytometry of neutrophil (A) and inflammatory monocyte 
(B) recruitment to the kidneys of Dpep1+/+ and Dpep1−/− at 24 hours (circles) and 48 hours (squares) after IRI. Contralateral (Cntrl) kidneys are used as controls. [Neutrophils: 
Dpep1+/+ (24 hours) Cntrl versus IRI, **P = 0.005; IRI (24 hours) Dpep1+/+ versus Dpep1−/−, **P = 0.008; Dpep1+/+ (48 hours) Cntrl versus IRI, **P = 0.006; IRI (48 hours) Dpep1+/+ 
versus Dpep1−/−, ***P = 0.001; n = 5 per group, Student’s t test.] [Monocytes: Dpep1+/+ (24 hours) Cntrl versus IRI, ***P = 0.001; IRI (24 hours) Dpep1+/+ versus Dpep1−/−, 
**P = 0.004; Dpep1+/+ (48 hours) Cntrl versus IRI, **P = 0.004; IRI (48 hours) Dpep1+/+ versus Dpep1−/−, ns = not significant; n = 5 per group, Student’s t test.] Flow cytometry 
of neutrophil (C) and inflammatory monocyte (D) recruitment to the kidneys of LSALT peptide–treated mice at 24 hours (circles) and 48 hours (squares) after IRI. Contralateral 
(Cntrl) kidneys are used as controls. [Neutrophils: Cntrl versus IRI (24 hours), **P = 0.005; IRI (24 hours) no treatment versus LSALT, **P = 0.01; Cntrl versus IRI (48 hours), 
*P = 0.048; IRI (48 hours) no treatment versus LSALT, *P = 0.04; n = 6 to 8 per group, Student’s t test.] [Monocytes: Cntrl versus IRI (24 hours), ***P = 0.0003; IRI (24 hours) no 
treatment versus LSALT, **P = 0.005; Cntrl versus IRI (48 hours), **P = 0.002; IRI (48 hours) no treatment versus LSALT, *P = 0.047; n = 5 to 8 per group, Student’s t test.]
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proteins and tissue glutathione levels in the kidney were assessed. 
At baseline, very little difference was observed in phospholipid hydrop-
eroxide glutathione peroxidase (GPX4) and long-chain-fatty-acid-
CoA ligase 4 (ACSL4) protein expression between Dpep1+/+ and 
Dpep1−/− mice (Fig. 7A). The expression of LRP2 (low-density lipo-
protein receptor-related protein 2 or megalin), a major luminal 
proximal tubular receptor that mediates selenoprotein P transport 
needed to maintain homeostasis of selenoproteins such as GPX4 (33), 
was also similar in Dpep1−/− compared with wild-type littermates at 
baseline (Fig. 7A and fig. S4A). At 48 hours following IRI, Dpep1+/+ 
mice demonstrated a reduction in LRP2 and GPX4 protein expres-
sion compared with Dpep1−/− mice, whereas ACSL4 was induced 
similarly in both strains (Fig. 7A). Moreover, glutathione levels were 
generally increased in the kidneys of Dpep1−/− mice at baseline and 
following IRI (fig. S4, B and C). While these findings may be 
secondary to more severe tubular injury and loss in Dpep1+/+ com-
pared with Dpep1−/− mice, they are also consistent with enhanced 
ferroptosis in the wild-type mice. To further probe a direct role for 
DPEP1 in kidney leukocyte trafficking, IVM was used in LysMgfp/gfp 
mice immediately following the systemic administration of LPS, 
before any tubular cell injury could occur. Within 2 hours of LPS 
administration, a substantial influx of GFP+ leukocytes could be de-
tected within the kidney (Fig. 7B). The influx of leukocytes was sig-
nificantly reduced in LPS-treated Dpep1−/− mice or mice pretreated 
with cilastatin or the LSALT peptide (Fig. 7, B to D). As expected, 
leukocyte recruitment in response to LPS occurred in the absence of 
overt tubular cell membrane disruption as measured by SYTOX 

Red staining (Fig. 7E). Together, these results show that DPEP1- 
mediated leukocyte recruitment to the kidney is direct and can occur 
in the absence of tubular injury or death. An additional contribution 
of DPEP1 to ferroptosis during AKI however remains possible.

DISCUSSION
In this paper, we identify a central role for DPEP1 in the pathogenesis 
of renal inflammation and the AKI phenotype induced by IRI. Fur-
thermore, we clarify the biology of inflammation in the kidney and 
show that DPEP1 plays a major role in neutrophil and monocyte 
recruitment in conjunction with CD44 and ICAM-1. Last, our re-
sults identify therapeutic targeting of DPEP1 as a promising strategy 
to prevent AKI.

The biology of leukocyte recruitment in the kidney during IRI 
has not been fully elucidated. Previous studies have shown roles for 
the selectins in leukocyte rolling, and CD44 and ICAM-1 in leukocyte 
adhesion (15, 16, 18, 19). However, residual leukocyte recruitment 
still occurred in mice lacking CD44 and/or ICAM-1, suggesting that 
redundant pathways exist in the kidney (16, 17). Our data confirm 
DPEP1 as another major leukocyte adhesion receptor in the kidney 
that, in conjunction with CD44, regulates most of the neutrophil 
recruitment during experimental IRI. While ICAM-1 also contributes 
to leukocyte recruitment, its role appears to be more selective to the 
monocyte population, whereas CD44 and DPEP1 inhibit the re-
cruitment of both neutrophils and monocytes during injury. These 
data are consistent with our group’s recent work identifying DPEP1 

Fig. 4. DPEP1 inhibitors and leukocyte recruitment during kidney IRI. (A) Kidney IVM in LysMgfp/gfp mice at 2 hours following IRI in mice treated with LSALT peptide, 
cilastatin, or GFE-1 peptide. Sham-operated kidney is used as a negative control. Scale bars, 100 m. (B) Stationary GFP+ leukocytes/field in the kidney were quantified 
(versus IRI: cilastatin, ***P = 0.0002; LSALT, ***P = 0.0005; GFE-1, ***P = 0.0003; n = 3 to 5 per group, ANOVA with Dunnett’s post hoc test). (C and D) Flow cytometry of 
leukocytes isolated from ischemic (IRI) and contralateral (Cntrl) kidneys in wild-type mice treated with or without cilastatin or LSALT peptide at 48 hours (neutrophils: 
Cntrl versus IRI, ***P = 0.0006; IRI versus IRI + cilastatin, *P = 0.011; IRI versus IRI + LSALT, P = 0.001; n = 5 to 6 per group, ANOVA with Dunnett’s post hoc test) (inflammatory 
monocytes: Cntrl versus IRI, **P = 0.01; IRI versus IRI + cilastatin, ns = not significant; IRI versus IRI + LSAL, P = 0.047; n = 5 to 6 per group, ANOVA with Dunnett’s post hoc test).
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as a leukocyte adhesion receptor in the lungs and liver (14) and the 
identification of DPEP1 expression in the peritubular capillaries 
shown in that study.

DPEP1 deficiency or inhibition substantially attenuated the pheno-
type of renal IRI in mice. The effects of DPEP1 in the pathogenesis of 
renal IRI may be multifactorial. First, inhibition of DPEP1 mediated 
inflammation, and leukocyte recruitment plays a major role in pre-
venting severe manifestations of AKI. Second, preventing DPEP1 
activation may affect tubular cell injury. Recent studies have suggested 
a role for DPEP1 in regulating ferroptosis [Linkermann, co-submission, 
and (25)], which is a major cause of cell death during AKI (7, 32, 34, 35). 
In Dpep1−/− mice subjected to IRI, our data demonstrated an increase 
in tissue glutathione levels and GPX4 expression, molecules that are 
directly involved in the ferroptosis pathway. Last, DPEP1 inhibition 
may protect the kidney by preventing some of its tubular trafficking 
functions. Cilastatin has been shown to prevent toxin-induced AKI 
in part because of prevention of tubular uptake of drugs such as 
contrast agents (diatrizoate), cisplatin, and vancomycin (26, 27, 36). 
More recently, cilastatin was shown to prevent pigment-induced AKI 
caused by rhabdomyolysis, raising the possibility that DPEP1 also 
facilitates the uptake of endogenous damage-associated molecular 

patterns (DAMPs) (37) released in the tubular lumen during IRI.  
While the effects of cilastatin in these studies may be due to DPEP1’s 
emerging role in ferroptosis, some studies suggest that cilastatin has 
off-target effects and prevents tubular molecular trafficking via LRP2 
(36, 38). However, LRP2 is a major luminal receptor in the proximal 
tubule, which may limit ferroptosis by promoting cellular seleno-
protein synthesis through its handling of selenoprotein P (33). 
Further research is needed to fully understand the biology of DPEP1 
and cilastatin in tubular molecular trafficking and its impact on kidney 
disease. Given that both enzymatic and nonenzymatic DPEP1 inhi-
bition were effective in attenuating the IRI phenotype, it is likely that 
DPEP1 regulates multiple pathways that contribute to the patho-
genesis of renal IRI and AKI in general.

The data here identify DPEP1 as a major leukocyte adhesion re-
ceptor in the kidney and a multifunctional protein in the pathogenesis 
of AKI. Furthermore, we identify two therapeutic agents that could 
be applied in human clinical trials. First is the LSALT peptide, which 
showed significant efficacy attenuating kidney inflammation during 
experimental IRI. Since inflammation plays a role in many different 
etiologies of AKI, targeting DPEP1-mediated inflammation rep-
resents a rational therapeutic approach in humans. Second is cilastatin, 
a drug that was first developed to prevent the metabolism of imipenem in 
the kidney (24). Cilastatin effects in the kidney may be more pleio-
tropic because of its mechanism of action, affecting tubular cell 
biology in addition to regulating DPEP1-mediated inflammation. 
Given its long track record of use in humans, cilastatin could easily be 
evaluated clinically. Targeting DPEP1 using cilastatin and/or LSALT 
peptide warrants further testing in human clinical trials for AKI.

MATERIALS AND METHODS
Mice
Wild-type and LysMgfp/gfp mice (28) were on a C57BL/6 background 
and housed under standard conditions. Dpep1+/+ and Dpep1−/− 
littermates were used throughout the study and generated from 
Dpep1+/− breeders on a C57BL/6 background (14). Mice were used 
between 8 and 12 weeks of age. Both sexes of mice were used equally 
throughout the study. All studies were approved by the Animal 
Care Committee at the University of Calgary.

Experimental disease models
Renal IRI and AKI were induced by a surgical model of renal IRI in 
mice as previously described (39). Briefly, mice were anaesthetized 
using ketamine (100 mg/kg) and xylazine (10 mg/kg) supplemented 
with isofluorane. The left kidney was isolated through a small lateral 
incision, and a vascular clamp was applied to the renal pedicle. Ischemia 
was induced for 30 min at 34°C, followed by removal of the vascular 
clamp and recovery of the animals with supplemental heat, hydra-
tion, and pain relief. The unmanipulated right contralateral kidney 
was used as control. For renal function and pathology studies, a life- 
supporting renal IRI model was used, which involved a right 
nephrectomy before inducing ischemic injury to the left kidney. 
Sham-operated mice underwent nephrectomy and/or isolation of 
the left kidney only. Inhibitor studies in mice were performed using 
LSALT peptide [LSALTPSPSWLKYKAL, 17.75 g/kg, intravenously 
(iv); CS Bio, USA] (14), GFE-1 peptide (CGFECVRQCPERC, 
15.3 g/kg, iv; Canpeptide, Canada) (29), cilastatin (17.9 mg/kg, iv; 
Tocris Bioscience, USA), anti–ICAM-1 antibody [200 g, intraperi-
toneally (ip); clone YN1/1.7.4, BioXCell, USA] (31), or anti-CD44 

Fig. 5. Impact of DPEP1 on AKI phenotype during IRI. (A) Immunofluorescence 
confocal microscopy for KIM-1 and Ly6G/C in the kidneys of Dpep1+/+ and Dpep1−/− 
mice 48 hours following renal IRI. Labels: KIM-1 (top, red), Ly6G/C (bottom, red), 
tubules (LTL, green), and nuclei [4′,6-diamidino-2-phenylindole (DAPI), blue]. 
Scale bars, 50 m. (B) Renal function determined by serum creatinine in sham- and 
renal IRI–treated Dpep1+/+ and Dpep1−/− mice at 48 hours (IRI Dpep1+/+ versus 
Dpep1−/−, **P = 0.007; n = 8 per group, Student’s t test). (C) Immunofluorescence 
confocal microscopy for KIM-1 and Ly6G/C in the kidneys of wild-type mice 48 hours 
following renal IRI with or without treatment with cilastatin or LSALT. Labels: KIM-1 
(top, red), Ly6G/C (bottom, red), tubules (LTL, green), and nuclei (DAPI, blue). 
Scale bars, 50 m. (D) Renal function determined by serum creatinine in renal 
IRI–treated mice with or without cilastatin or LSALT peptide at 48 hours (versus 
IRI alone: cilastatin, **P = 0.005; LSALT, ***P = 0.0005; n = 5 to 14 per group, ANOVA 
with Dunnett’s post hoc test).
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antibody (100 g, iv; clone IM7; BioXCell, USA) (30) administered 
as a single dose 30 min before IRI (anti–ICAM-1 was administered 
once daily 48  hours before IRI). Scrambled LSALT peptide 
(LWLPLKSATPSYALSK) consisting of randomized LSALT peptide 
amino acids was used as a control for LSALT peptide. For studies 
extending beyond 4 hours, cilastatin and the LSALT peptide were 
administered again at 4 and 24 hours after IRI.

Endotoxemia was induced using LPS (5 mg/kg, iv; O111:B4; 
InvivoGen, USA) treatment via intravenous administration. Inhibitor 
studies in mice were performed using LSALT peptide (17.75 mg/kg, 
iv; CS Bio, USA) (14) or cilastatin (17.9 mg/kg, iv; Tocris Bioscience, 
USA) administered once 30 min pre-LPS.

Kidney multiphoton IVM
Renal IVM was performed as previously described (27). Briefly, mice 
were anesthetized and tail veins catheterized for drug and reagent 
administration. The kidney was exteriorized using a lateral incision 
and extended over the heated imaging platform. Imaging was done 
with an SP5 Leica multiphoton confocal microscope (Leica, Germany) 
and MaiTai Ti-Sapphire laser (Spectra Physics, USA) at 800- to 

850-nM excitation using predefined laser power and detector gain 
settings. Time-lapse imaging was acquired at 0.5 s per frame. Z stacks 
were acquired at 20-m optical sections and 2-m steps. The fol-
lowing reagents were administered intravenously to visualize phys-
iological and cellular compartments: QTracker655 (Thermo Fisher 
Scientific, USA), phycoerythrin (PE)–conjugated anti-F4/80 (clone 
BM8, BioLegend, USA), PE-conjugated anti-CD11b (clone M1/70, 
BioLegend, USA), Alexa Fluor 568–conjugated LSALT peptide (con-
jugated using Protein Labeling Kit, Invitrogen, USA), and SYTOX 
Red (Thermo Fisher Scientific, USA). Native LASX software (Leica, 
Germany) was used for acquisition and image processing. Adherent 
leukocytes (LysM-GFP or antibody labeled) were manually counted 
in each field on the basis of their fixed position over the course of 
2 min. A minimum of three fields were acquired and analyzed per 
mouse for quantification.

Immunoblotting
Protein was isolated from mouse kidney tissue using radioimmuno-
precipitation assay buffer (Sigma-Aldrich, USA). Protein samples were 
separated by SDS–polyacrylamide gel electrophoresis gels under 

Fig. 6. Role of CD44 and ICAM-1 in IRI-induced renal inflammation. (A) IVM in LysMgfp/gfp mice at 2 hours following renal IRI with and without treatment with anti–
ICAM-1, anti-CD44, or LSALT peptide. Labels: leukocytes (LysM-GFP, green), tubules (autofluorescence, dark green), and capillaries (QTracker, blue). Scale bars, 100 m. 
(B) Stationary GFP+ leukocytes/field in the kidney were quantified (IRI versus anti-CD44: ***P = 0.0002; LSALT: ***P < 0.0001, five per group, ANOVA with Tukey post hoc test). 
(C) Representative flow cytometry of kidney leukocytes isolated from LysMgfp/gfp mice 24 hours after IRI with or without LSALT peptide, CD44, or ICAM-1–blocking antibody 
treatment. Distinct GFP+ leukocyte populations were characterized by flow cytometry (GFPlo = monocytes, GFPint = macrophages, and GFPhi = neutrophils). Contralateral 
kidneys from untreated IRI mice are used as controls. (D) Quantification of kidney GFP+ leukocytes in LysMgfp/gfp mice 24 hours after IRI with and without treatment with 
LSALT peptide, anti–ICAM-1, and anti-CD44 antibodies. (GFPint macrophages IRI versus LSALT, ***P = 0.0002; anti–ICAM-1, *P = 0.017; anti–ICAM-1 + LSALT, ***P = 0.0006; 
anti-CD44, *P = 0.015; anti-CD44 + LSALT, ***P < 0.0001. GFPhi neutrophils IRI versus LSALT, *P = 0.037; anti–ICAM-1, P = ns; anti–ICAM-1 + LSALT, *P = 0.034; anti-CD44, 
**P = 0.001; anti-CD44 + LSALT, ***P < 0.0001. Four to six per group, ANOVA with Dunnett’s post hoc test.)
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reducing conditions. Proteins were transferred onto nitrocellulose 
membranes (GE Healthcare, USA) and blocked for 1 hour with 
blocking solution before overnight incubation at 4°C with primary 
antibody. Blots were washed and incubated with appropriate secondary 
antibody conjugated to horseradish peroxidase at room temperature. 
Proteins were visualized with enhanced chemiluminescence Western 
blotting detection reagents (Bio-Rad, USA) and digitally captured 
with a Chemidoc MP device (Bio-Rad, USA). Antibodies used are 
as follows: anti-DPEP1 (rabbit polyclonal, catalog no. MBS2521928, 
MyBioSource, USA), anti-GPX4 (clone EPNCIR144, catalog 
no. ab125066, Abcam, USA), anti-ACSL4 (rabbit polyclonal, catalog 
no. PA5-27137, Invitrogen, USA), anti-LRP2 (rabbit polyclonal, 
catalog no. 19700-I-AP, MyBiosource, USA), and anti–-actin 
(clone hVIN-1, catalog no. V9131, Sigma-Aldrich, USA).

Flow cytometry
Kidney tissue was isolated from mice after perfusion via saline in-
jection into the heart. Kidney capsule and fat were removed before 
mechanical and enzymatic digestion with the Multi Tissue Dissoci-
ation Kit I (Miltenyi Biotec, Germany) as per the manufacturer’s 
instructions. Viable immune cells were isolated using a density 
gradient by mixing cells with Percoll (GE Healthcare, Sweden). For 
DPEP1 characterization, cells were labeled with the following anti-
bodies: eFluor 450–conjugated anti-CD31 (clone 390, eBioscience, 
USA), fluorescein-conjugated LTL (catalog no. FL-1321, Vector 
Laboratories, USA), PE-conjugated anti-CD45 (clone 30-F11, 
BioLegend, USA), anti-DPEP1 (rabbit polyclonal, catalog no. MBS2521928, 
MyBioSource, USA), and Alexa 647–conjugated anti-rabbit immuno-
globulin G (IgG) secondary antibody [clone (H + L), Invitrogen, 
USA]. For inflammatory response characterization, cells were labeled 

with the following antibodies: Brilliant Violet 421–conjugated 
anti-Ly6G (clone 1A8, BioLegend, USA), fluorescein isothiocyanate–
conjugated anti-CD45 (clone 30-F11, BioLegend, USA), PE-conjugated 
anti-F4/80 (clone BM8, BioLegend, USA), PE/Cy7-conjugated 
anti-Ly6C (clone HK1.4, BioLegend, USA), APC-conjugated anti- 
CX3CR1 (clone SA011F11, BioLegend, USA), APC/Cy7–conjugated 
CD11b (clone M1/70, BioLegend, USA), Alexa Fluor 700–
conjugated CCR2 (clone 475301, R&D Systems, USA), PerCP-Cy5.5–
conjugated anti-NK1.1 (clone PK136, Invitrogen, USA), PE-conjugated 
anti- CD3 (clone 145-2C11, Invitrogen, USA), PE/Cy7-conjugated 
CD4 (clone RM4-4, BioLegend, USA), APC/Cy7-conjugated anti-CD8 
(clone 53-6.7, BD Pharmingen, USA), APC/Cy7-conjugated anti- 
CD11c (clone N418, BioLegend, USA), Pacific Blue–conjugated 
anti–I-A/I-E (major histocompatibility complex II) (clone M5/114.15.2, 
BioLegend, USA), and eFluor 450–conjugated anti-IgM (clone eB121-
15F9, eBioscience, USA). Cells were analyzed using Attune NXT 
flow cytometer (Life Technologies, USA) and FlowJo software 
(BD Bioscience, USA).

Histological analysis of fixed renal tissue samples
For immunofluorescence, mouse kidneys were fixed in 10% neutral- 
buffered formalin and paraffinized before mounting onto slides. 
Tissue sections were deparaffinized, blocked, and labeled with the 
following antibodies: anti–KIM-1 (clone 222414, R&D Systems, USA), 
anti-Ly6G/C (clone NIMP-R14, Abcam, USA), and fluorescein- 
labeled LTL (Vector Laboratories, USA). Images were acquired 
using a confocal fluorescent microscope (Olympus IX-70) with 
Fluoview1000 software.

Immunohistochemistry was performed on formalin-fixed paraffin- 
embedded (FFPE) human kidney tissue samples obtained from the 

Fig. 7. DPEP1-mediated leukocyte recruitment and tubular injury. (A) Immunoblotting for LRP2, GPX4, ACSL4, and DPEP1 expression in whole-kidney tissue from 
Dpep1−/− and Dpep1+/+ mice 48 hours after renal IRI or sham operation. (B) Kidney IVM in LysMgfp/gfp mice at 90 min following LPS administration with or without cilastatin 
or LSALT peptide treatment. Scale bars, 100 m. (C) Stationary GFP+ leukocytes/field in the kidney were quantified (versus LPS: cilastatin, *P = 0.01; LSALT, **P = 0.002; n = 4 
to 5 per group, ANOVA with Dunnett’s post hoc test). (D) Kidney IVM in Dpep1+/+ and Dpep1−/− mice at 90 min following LPS administration. Labels: leukocytes (CD11b, red), 
capillaries (QTracker, blue), and tubules (autofluorescence, yellow-green). Scale bars, 100 m. (E) Kidney IVM with SYTOX Red staining in LysMgfp/gfp mice 2 hours following 
LPS administration. Non-LPS (NT)–treated mice are shown as a control. Labels: leukocytes (LysM-GFP, bright green/yellow), tubules (autofluorescence, dark green), capillaries 
(QTracker, blue), and necrotic cells (SYTOX, red). Scale bars, 100 m.
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Biobank for the Molecular Classification of Kidney Disease (Uni-
versity of Calgary). Control tissue was obtained from nondiseased 
margins of human nephrectomies that were performed for medical 
indications. All human studies were approved by the Conjoint Health 
Research Ethics Board at the University of Calgary and Alberta 
Health Services. FFPE human kidney tissues were deparaffinized, 
blocked, and labeled with the following antibodies: anti-DPEP1 
(rabbit polyclonal, catalog no. 12222-1-AP, Proteintech, USA) and 
anti-rabbit isotype control (DAKO, USA). FFPE mouse kidney 
tissues were probed using anti-DPEP1 (rabbit polyclonal, catalog 
no. ab121308, Abcam, USA) and anti-LRP2 (clone H-10, catalog 
no. sc-515772, Santa Cruz Biotechnology, USA).

Glutathione assay
To measure mouse kidney tissue glutathione, runs were performed 
on a Q Exactive Hybrid Quadrupole-Orbitrap Mass Spectrometer 
(Thermo Fisher Scientific, USA) equipped with a heated electro-
spray ionization probe (HESI-II) and coupled to a Vanquish ultrahigh 
performance liquid chromatography (UHPLC) system (Thermo 
Fisher Scientific, USA). Chromatographic separation was achieved 
on a Syncronis HILIC UHPLC column (1.7 m, 100 × 2.1 mm, 
Thermo Fisher Scientific, USA) using a binary solvent system at a 
flow rate of 600 l/min with the following: solvent A, 20 mM 
ammonium formate (pH 3.0) in mass spectrometry grade H2O; 
solvent B, mass spectrometry grade acetonitrile with 0.1% formic 
acid (%v/v). The gradient elution was as follows: 0 to 2 min, 100% B; 
2 to 7 min, 80% B; 7 to 10 min, 5% B; 10 to 12 min, 5% B; 12 to 13 min, 
100% B; and 13 to 15 min, 100% B. A sample injection volume of 2 l 
was used. The column was kept at 30°C.

The mass spectrometer was run in negative full scan mode at a 
resolution of 140,000 scanning from 70 to 1000 m/z. The source 
settings were as follows: spray voltage, 2.5 kV; capillary temperature, 
275°C; sheath gas, 25 (arbitrary unit); auxiliary gas, 10 (arbitrary unit); 
spare gas, 2 (arbitrary unit); and probe heater temperature, 325°C.

Glutathione in the samples was quantified using external standard 
calibration. A freshly prepared 50 mM glutathione stock solution 
was used to prepare 10 calibration solutions with concentrations 
ranging from 25 to 0.049 M. Data analysis was conducted in 
El-MAVEN using integrated peak intensity (40).

Creatinine assays
Renal function was determined in mouse serum using a serum 
creatinine assay in the clinical laboratories of Alberta Precision 
Laboratories, a subsidiary of Alberta Health Services, Calgary, 
Alberta, Canada.

Statistical analysis
Data are shown as means ± SD. GraphPad Prism was used to 
perform all statistical analyses. Results were analyzed for statistical 
variance using unpaired two-tailed Student’s t test or one-way 
analysis of variance (ANOVA) with Tukey or Dunnett’s post hoc test 
where appropriate. Results at P < 0.05 were considered statistically 
significant. All experiments were performed at least three indepen-
dent times.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm0142

View/request a protocol for this paper from Bio-protocol.
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