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Purpose: Programmed cell death protein 1 (PD-1) and programmed death-ligand 1 (PD-L1) have been detected in injury kidney.
However, their expressions are unclear in mice kidneys under renal ischemia-reperfusion injury (IRI). In this study, we would observe
the expressions of PD-1 and PD-L1 in kidney tissues and analyze the association between the concentrations of PD-1 and PD-L1 in
mouse kidney homogenate and the corresponding concentrations of soluble PD-1 (sPD-1) and soluble PD-L1 (sPD-L1) in plasma after
renal IRI. Further, we explored the predictive value of sPD-1 and sPD-L1 for acute kidney injury (AKI) in high-risk patients after
surgery.
Methods: This study established an AKI model induced by IRI in mice. Plasma, kidney samples, and homogenate were collected 0h,
24h, and 48h after surgery for immunohistochemistry and enzyme-linked immunosorbent assay. Then, we continuously enrolled 88
AKI high-risk patients who underwent noncardiac surgery. The biomarkers, including sPD-1, sPD-L1, and urine neutrophil gelatinase-
associated lipocalin (NGAL), tissue inhibitor of metalloproteinase-2 (TIMP-2), insulin-like growth factor-binding protein 7 (IGFBP7),
were detected immediately after surgery.
Results: Our data revealed the concentrations of PD-1 and PD-L1 in kidney homogenate, and sPD-1 and sPD-L1 in plasma
significantly increased at 0h, 24h, and 48h after IRI. A positive association was found between PD-1 and sPD-1 (r = 0.774, p <
0.001), and between PD-L1 and sPD-L1 (r = 0.881, p < 0.001). Compared to NGAL, [TIMP-2]*[IGFBP7], sPD-1 and sPD-L1 showed
better predictive abilities for AKI with an area under the ROC curve of 0.856 (95% confidence interval [CI]: 0.825–0.958, p < 0.001)
and 0.906 (95% CI: 0.764–0.921, p < 0.001).
Conclusion: The increased expressions of PD-1 and PD-L1 in kidneys under IRI suggested they may play essential roles in AKI
development. sPD-1 and sPD-L1 can indirectly reflect the expressions of PD-1 and PD-L1 in kidneys, respectively. sPD-1 and sPD-L1
showed excellent predictive ability for AKI in high-risk patients.
Keywords: acute kidney injury, ischemia-reperfusion injury, programmed cell death protein 1, programmed death-ligand 1

Introduction
Acute kidney injury (AKI) is characterized by a sudden decrease in glomerular filtration rate, manifested by increased serum
creatinine or oliguria.1 After ICU admission, 74.2% of patients have an episode of AKI, which incurs a significantly increased
length of stay and risk of mortality.2–4 Postoperative AKI affects approximately one-fifth of patients after major surgery.5

Ischemia-reperfusion injury (IRI) is a common cause of AKI after surgery. Due to intraoperative hypotension and hypovo-
lemia, transient ischemia is the most important risk factor for postoperative AKI.6 These acute ischemia will cause the
detachment and death of proximal tubular epithelial cells.7–9 Meanwhile, inflammatory mediators released during major
surgery cause increased capillary permeability and vascular leak, thus increasing edema,10 which damages local renal blood
flow, aggravates tubular ischemia. These processes, along with endothelial cell injury or immunologic alteration, contribute to
the pathophysiological consequences of ischemic AKI.11
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Programmed death ligand 1 (PD-L1), as the transmembrane protein, is widely expressed in immune cells and non-immune
cells.12 Some studies have shown that renal epithelial cells can express PD-L1 under some stimulation.13,14 IFN-γ, IFN-β are
able to exert a major up-regulation of PD-L1 expression on primary human renal proximal tubule epithelial cells.14

Programmed cell death protein 1 (PD-1) is an inhibitory receptor expressed by various activated immune cells such as
lymphocytes, monocytes, and dendritic cells.12 Positive staining for PD-1 could be detected in infiltrating lymphocytes in
renal interstitial space in the mouse nephritis model.15,16 Therefore, we speculated that the expressions of PD-L1 and PD-1 in
kidney tissue play important roles after renal ischemia-reperfusion injury.

Soluble PD-1 (sPD-1) and PD-L1 (sPD-L1) in plasma could reflect PD-1 and PD-L1 levels in vivo to some extent,
respectively.17,18 Liu et al found that sPD-L1 could be an important biomarker to predict 28-day mortality in patients with
sepsis, with similar accuracy as acute physiology and chronic health evaluation (APACHE II) and sequential organ failure
assessment (SOFA) score.19 In this study, we try to establish an animal model induced by renal IRI to observe the
expressions of PD-1 and PD-L1 in kidney tissue and analyze the association between the concentrations of PD-1 and
PD-L1 in kidney homogenate and the corresponding concentrations of sPD-1 and sPD-L1 in plasma. Further, we explore
the predictive value of sPD-1 and sPD-L1 for AKI in high-risk patients after major surgery.

Materials and Methods
Animal Experiments
Animals
Female adult Balb/c mice (Charles River Laboratories, bodyweight 20±2 g) were used and kept in separate cages. The
feeding environment was specific pathogen-free. The mice were maintained under a 12 h light/dark cycle at 23.6°C and
humidity with free access to sterilized chow diet and water. All procedures complied with the ARRIVE guidelines and
the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals. This study was approved by the
Capital Medical University Ethics Committee (approval no. AEEI-2021-314).

Renal IRI Model
Bilateral renal ischemia was induced as described.20 Briefly, after being anesthetized, the mice made bilateral back
incisions, and both renal pedicles were dissected. Bilateral kidneys were observed to change from bright red to pale and
then turn to dark red. After 25 minutes of ischemia, the clamps were removed and the kidneys changed from dark red to
bright red. This time point was defined as IRI 0h. For sham animals, renal pedicles were isolated but not clamped. Both
kidneys were removed at 0 h, 24 h, and 48 h after surgery. Thirty-one mice were divided into three groups: control (n=1),
sham (n=15), IRI (n=15). Five mice were needed for each time point in the sham and IRI groups.

Histopathology
Tubular necrosis in the outer medulla region of the kidney was observed under × 200 magnification, assessed by
hematoxylin and eosin (HE) staining, as reported before.21–23 The left kidney of the mouse was fixed with 10%
paraformaldehyde solution. Renal tissue specimen was embedded with paraffin wax and sliced for HE staining.
Histopathological studies were performed under a light microscope. Slides were examined by a histopathologist who
was blinded to the experiment. All specimens were examined for morphological parameters, including epithelial cell
vacuolization, tubular cell flattening, degeneration, tubular dilatation, hyaline cast, and debris materials in tubular lumen
on a semi-quantitative score from 1 to 5, while the score of zero was assigned to the normal tissue without damage.24

Immunohistochemistry
Paraffin-embedded sections of methanol-Carnoy fixed tissue were stained for PD-1 and PD-L1. After being deparaffi-
nized and hydrated, tissue slices were incubated for 10 minutes with 3% H2O2. Then, samples were incubated with
antibodies (AF7695 for PD-1; AF7710 for PD-L1, A0208 for secondary antibodies; Beyotime, Shanghai, China) at 37°C.
Then, the slices were treated using 3,3’-diaminobenzidine substrate (Thermo Fisher Scientific) and counterstained with
hematoxylin. The positive cells were brownish-yellow cytoplasm or cell membrane. Histologic morphometry for PD-1
and PD-L1 was performed with an ImageJ v 1.53. The results are expressed as the mean percentage of area ± standard
deviation (SD).
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Enzyme-Linked Immunosorbent Assay (ELISA)
The right kidney was subjected to ELISA analysis. One hundred milligrams of kidney sample was treated with 1mL of
phosphate-buffered saline and stored overnight at −20°C. After two freeze–thaw cycles to break the cell membranes, the
homogenates were centrifuged for 5 minutes at 5000g, 4°C. The supernate was removed and detected immediately. Blood
samples were centrifuged for 15 minutes at 1000g at 4°C with 30 minutes of collection. Protein levels of PD-1 and PD-
L1 in kidney homogenates and plasma were assayed with the sandwich immunoassay Multispot Cytokine Assay (CSB-
E13586m, CSB-EL004911MO, Cusabio, Wuhan, China), according to the manufacturer’s protocol.

Clinical Study
Study Setting and Population
The present study was conducted in a 20-bed Surgical ICU of Beijing Chaoyang Hospital from January 1, 2020, and
October 31, 2020. The study was designed, performed, and reported according to the reporting standards of diagnostic
accuracy guidelines, which were approved by the human ethics committee of Beijing Chaoyang Hospital of Capital
Medical University (approval no. 2020-ke-236), and written informed consent was obtained from each individual. This
study was conducted in accordance with the Declaration of Helsinki and has been registered in Chinese Clinical Trial
Registry (approval no. ChiCTR2000034401).

We continuously screened patients who were expected to stay in the ICU for more than 48 hours after noncardiac
surgery. Patients who were enrolled met at least one of the following high-risk factors for AKI described by KDIGO
(Kidney Disease: Improving Global Outcomes): 1) sepsis; 2) requiring vasopressor or mechanical ventilation; 3) severe
trauma; 4) circulatory shock.25 The exclusion criteria included age <18 years, development of AKI before ICU
admission, insufficient data or blood samples, chronic kidney disease (CKD); nephrectomy or renal transplantation,
not transferred to ICU immediately after surgery.

Clinical Endpoint and Definitions
The primary endpoint was the occurrence of AKI within 72 hours after surgery. The definition and classification of AKI
are based on the standard of serum creatinine (SCr) or urine output (UO) proposed by KIDGO.25 CKD was defined
according to the National Kidney Foundation standard, and the estimated glomerular filtration rate (GFR) was <60 mL/
min/1.73 m2 for at least 3 months, regardless of any reason.26

Data Collection
Demographic information and clinical data include baseline SCr, use of nephrotoxic drugs (angiotensin-converting
enzyme inhibitors, aminoglycosides, non-steroidal anti-inflammatory drugs), comorbidities, surgery, and length of ICU
and hospital stays were prospectively collected during hospitalization and recorded in the case report forms. Blood
lactate, use of vasopressor (including dopamine, epinephrine, norepinephrine, and vasopressin), mechanical ventilation,
APACHE II, and SOFA scores on the day of ICU admission were recorded. Serum creatinine was detected and recorded
at ICU admission and every 12 h after that until the third day after ICU admission. UO was measured hourly from the
urinary catheter within 72 h after ICU admission.

Sample and Laboratory Analysis
Blood and urine samples were collected immediately after surgery. The collected samples were allowed to stand for 30
minutes, then centrifuged at 3000 rpm at 4 °C for 10 minutes, and the supernatant was stored at –80 °C.

The concentrations of urine neutrophil gelatinase-associated lipocalin (NGAL) (CSB-E09408h, Cusabio, Wuhan,
China), urine tissue inhibitor of metalloproteinase-1 (TIMP-2) (DTM200, R&D Systems, Minneapolis, MN, USA), urine
insulin-like growth factor-binding protein 7 (IGFBP7) (ARG81498, Arigo Biolaboratories, Shanghai, China), plasma
sPD-1 (CSB-E13643h, Cusabio, Wuhan, China) and sPD-L1 (CSB-E13644h, Cusabio, Wuhan, China) were measured by
commercial ELISA kits. The testing process was carried out in full accordance with the instructions, and the testers
turned a blind eye to the clinical data, and the competent physician turned a blind eye to the biomarker test results.
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Statistical Analysis
The obtained results were analyzed with the SPSS statistics 24 (IBM, Chicago, IL, USA), GraphPad Prism 5.0
(GraphPad Software, San Diego, USA), MedCalc v. 16.4.3 (MedCalc Software bvba, Ostend, Belgium), and R 4.1.1
(R Project for Statistical Computing, Vienna, Austria). Continuous variables were presented as mean ± SD or median of
the 25th and 75th percentiles (interquartile range [IQR]), categorical variables were presented as percentiles. Continuous
data between two groups were compared using the Unpaired Student’s t-test. When not following the normal distribution,
nonparametric statistical analyses were applied. The Mann–Whitney test was used to compare two independent samples.
Categorical variables used the Chi-square test. Correlation coefficients were obtained by applying Spearman’s rank
correlation.

Logistic regression analysis was performed to find out the risk factors of AKI development. A receiver operating
characteristic (ROC) curve was used to evaluate the predictive value of biomarkers. The optimal cutoff value was
determined by the Youden index. To compare the predictive performance of the clinical risk model before and after
adding different biomarkers, we calculated the statistical significance of the difference between the area under the ROC
curve (AUC) values with the method of DeLong.27 Besides, we evaluated the improvement in the predictive accuracy of
the models by calculating the relative integrated discrimination improvement (IDI) and the net reclassification improve-
ment (NRI), as described by Pencina.28 We also used decision curve analysis (DCA), estimating the new predictive
models’ clinical usefulness and net benefit, as described by Vickers.29 This analysis identifies patients at risk of AKI
based on the clinical prediction model with and without biomarkers. For all analyses, p<0.05 was considered statistically
significant.

Results
Expressions of PD-1 and PD-L1 in the Mice Kidney
Pathological analysis showed that the structure of renal tubular epithelial cells in the control group (Supplementary
Figure 1A) and sham group (Supplementary Figure 1B) was normal, and there were no obvious abnormal changes in the
glomerulus and renal tubules. After surgery, IRI mice showed apparent renal tissue injury, swelling of renal tubular
epithelial cells, expansion of lumen, the disappearance of brush edge, disordered and lost arrangement of the renal
tubular structure, stenosis of interstitial part, infiltration of inflammatory cells, and significantly increased protein cast
(Supplementary Figure 1C). IRI mice greatly enhanced the acute tubular necrosis scores compared to the sham group at 0
h, 24 h, 48 h after surgery, respectively. The pathology damage scores in all experimental groups were demonstrated
(Supplementary Figure 1D).

The increased depositions of PD-1 (Figure 1A–D) and PD-L1 (Figure 2A–D) in mice kidneys were observed in the
IRI group compared to the sham group at 0 h, 24 h, and 48 h after surgery, respectively. Immunohistochemistry showed
PD-1 was primarily expressed in the renal interstitium (Figure 1A–C), and PD-L1 (Figure 2A–C) was present in tubular
epithelial cells.

Spearman’s Rank Correlation
The concentrations of sPD-1, sPD-L1 in plasma and PD-1, PD-L1 in kidney homogenate are shown in Figure 3A. The
Spearman’s rank correlation showed sPD-1 concentration in plasma increased correspondingly with PD-1 concentration
in kidney homogenate (r=0.774, p<0.001), sPD-L1 in plasma also showed a positive correlation with PD-L1 in kidney
homogenate (r=0.881, p<0.001) (Figure 3B).

Patient Characteristics and Outcomes
During the study, 232 patients who underwent noncardiac surgery were screened. After excluding the ineligible patients,
88 patients had at least 1 recognized risk factor for AKI. Eighteen (20%) patients developed AKI within 72 hours after
enrollment. Their characteristics and outcomes are shown in Table 1. Patients with AKI development had more extended
ICU stay, hospital stay, and duration of mechanical ventilation than patients without AKI development. ICU mortality
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and hospital mortality were significantly higher in patients with AKI development than patients without AKI develop-
ment (Table 1).

Predictive Performance of sPD-1 and sPD-L1 for AKI Compared to Other Biomarkers
The concentrations of plasma sPD-1, sPD-L1, and urine NGAL, [TIMP-2]*[IGFBP7] (the product of TIMP-2 and
IGFBP7) were significantly higher in the patients with AKI development compared with the patients without AKI,
respectively (Table 2). The univariate logistic regression analysis showed sPD-1, sPD-L1, and urine NGAL, [TIMP-2]*
[IGFBP7] were independent risk factors for AKI development. sPD-L1 and sPD-1 had an AUC of 0.906 (95%
confidence interval [CI]: 0.825–0.958, p<0.001) and 0.856 (95% CI: 0.764–0.921, p<0.001) for predicting AKI,
respectively, with corresponding cutoff values of 49.513 pg/mL and 105.161 pg/mL (Figure 4A), showing higher
performance than other biomarkers. In contrast, urine NGAL and [TIMP-2]*[IGFBP7] showed lower performance
with AUCs of 0.660 (95% CI: 0.551–0.757, p=0.038), 0.675 (95% CI: 0.541–0.810, p=0.022), respectively

Figure 1 The expression of PD-1 in kidney tissue of mice. The IHC of PD-1 was shown in control groups (A), sham groups (B) and IRI groups (C). Quantification is
represented in panel (D). Data are expressed as mean ± standard deviation. Difference between IRI group and sham group was made using unpaired Student’s t-test for
normally distributed data. Images, × 200; original scale bar, 100 μm. **p<0.01. ***p<0.001.
Abbreviations: PD-1, programmed cell death protein 1; IRI, ischemia-reperfusion injury; IHC, immunohistochemistry.
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(Supplementary Table 1). The specificity and sensitivity of all biomarkers for predicting AKI were showed in
Supplementary Table 1.

Predictive Superiority of Plasma sPD-1 and sPD-L1 Over Other Biomarkers in the AKI
Risk Model
The univariate logistic regression analysis showed that baseline creatinine, estimated blood loss, use of vasopressors,
SOFA score, APACHE II score, and SCr at ICU admission were associated with AKI development. Of these variables,
APACHE II score and SCr at ICU admission were retained for the final model (Supplementary Table 2). The calibration
of the model is confirmed with the Hosmer–Lemeshow goodness-of-fit test (p>0.05). This clinical model predicted AKI
with an AUC of 0.787 (95% CI: 0.686–0.868, p<0.001) (Figure 4B).

To evaluate the improvement of risk prediction with the addition of biomarkers to the established clinical model, we
determined DeLong’s test, the NRI, and the IDI indices (Table 3). The inclusion of sPD-1 or sPD-L1 respectively
improved the predictive ability of the clinical model for AKI (Figure 4B), supported by NRI (0.291 for sPD-1, 95% CI:

Figure 2 The expression of PD-L1 in kidney tissue of mice. The IHC of PD-L1 was shown in control groups (A), sham groups (B) and IRI groups (C). Quantification is
represented in panel (D). Data are expressed as mean ± standard deviation. Difference between IRI group and sham group was made using unpaired Student’s t-test for
normally distributed data. Images, × 200; original scale bar, 100 μm. **p<0.01. ***p<0.001. Images, × 200; original scale bar, 100 μm.
Abbreviations: PD-L1, programmed death-ligand 1; IRI, ischemia-reperfusion injury; IHC, immunohistochemistry.
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Figure 3 The concentrations of sPD-1 and sPD-L1 in plasma and the concentrations of PD-1 and PD-L1 in kidney homogenate (A). Correlation was shown between sPD-1
in plasma and PD-1 in kidney homogenate (r = 0.774, p<0.001) (B), between sPD-L1 in plasma and PD-L1 in kidney homogenate (r = 0.881 p<0.001) (B) using Spearman’s
test.
Abbreviations: PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; IRI, ischemia-reperfusion injury.
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Table 1 Baseline Characteristics and Outcomes of Patients with or without AKI Development

Variables All Patients
n = 88

Patients without
AKI Development
n = 70

Patients with AKI
Development
n = 18

P value

Male, n (%) 55 (63) 41 (59) 14 (78) 0.133a

Age, year, mean, (SD) 65 ± 13 64 ± 12 69 ± 20 0.380b

BMI, kg/m2, mean, (SD) 24 ± 4 24 ± 4 24 ± 3 0.090b

Baseline creatinine, μmol/L, median (IQR) 54 (45–65) 53 (44–61) 65 (49–82) 0.007c

Chronic comorbidities, n (%)

Hypertension 51 (58) 38 (54) 13 (72) 0.169a

Diabetes 23 (26) 18 (26) 5 (28) 0.859a

Coronary heart disease 19 (22) 17 (24) 2 (11) 0.226a

COPD 6 (7) 3 (4) 3 (17) 0.063a

Chronic liver disease 10 (11) 8 (11) 2 (11) 0.970a

Surgical specialty, n (%)
General 62 (70) 47 (67) 15 (83) 0.179a

Others 26 (30) 23 (33) 3 (17) 0.179a

Duration of surgery, hour, median (IQR) 5 (3–8) 4 (3–7) 7 (4–10) 0.117a

Estimated blood loss, mL, median (IQR) 200 (100–600) 200 (100–500) 550 (275–2000) 0.008c

Blood product transfusion in surgery

Red blood cells, mL, median (IQR) 0 (0–400) 0 (0–400) 400 (0–1250) 0.016c

Plasma, mL, median (IQR) 0 (0–400) 0 (0–0) 50 (0–800) 0.015c

UO in surgery, mL/h, median (IQR) 126 (84–205) 132 (102–225) 92 (72–159) 0.043c

Fluid balance in surgery, mL, median (IQR) 2100 (1400–3050) 2100 (1400–2850) 2575 (1320–4462) 0.466c

APACHE II score, median (IQR) 13 (9–18) 12 (9–17) 18 (12–27) 0.004c

SOFA score, median (IQR) 2 (1–5) 2 (1–4) 5 (3–8) 0.001c

Use of nephrotoxic drugs, n (%) 16 (18) 10 (14) 6 (33) 0.062a

Use of vasopressors, n (%) 15 (17) 8 (11) 7 (39) 0.006a

Mechanical ventilation, n (%) 67 (76) 51 (73) 15 (83) 0.360a

SCr at ICU admission, μmol/L, median (IQR) 57 (46–66) 54 (45–63) 70 (57–86) 0.009c

Lactate, mmol/L, median (IQR) 1 (1–2) 1 (1–2) 2 (1–3) 0.082c

Infection, n (%) 16 (18) 10 (14) 6 (33) 0.062a

Outcomes
Duration of MV, hour, median (IQR) 14 (4–18) 13 (3–16) 18 (13–93) 0.001c

ICU stays, hour, median (IQR) 70 (43–99) 67 (42–91) 128 (50–168) 0.003c

Hospital stays, hour, median (IQR) 108 (81–163) 97 (69–127) 640 (459–865) <0.001c

ICU mortality, n (%) 3 (3) 0 (0) 3 (17) 0.001a

Hospital mortality, n (%) 3 (3) 0 (0) 3 (17) 0.001a

Notes: aChi-square test. bStudent’s t-test (unpaired, two-tailed). cMann–Whitney U-test.
Abbreviations: SD, standard deviation; IQR, interquartile range; AKI, acute kidney injury; BMI, body mass index; COPD, chronic obstructive pulmonary disease; APACHE
II, acute physiology and chronic health evaluation II; ICU, intensive care unit; MV, mechanical ventilation; SCr, serum creatinine; SOFA, sequential organ failure assessment.
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0.068–0.513, p=0.011; 0.375 for sPD-L1, 95% CI: 0.148–0.602, p=0.001), IDI (0.215 for sPD-1, 95% CI: 0.065–0.365,
p=0.005; 0.263 for sPD-L1, 95% CI: 0.135–0.390, p<0.001) and DeLong’s test (p=0.007 for sPD-1; p=0.026 for sPD-L1)
(Table 3). In contrast, the model was not improved by adding NGAL or [TIMP-2]*[IGFBP7]. The predictive accuracy
can be improved when sPD-1 or sPD-L1 combined with clinical risk factors of AKI, including APACHE II score and SCr
at ICU admission. Multivariate logistic regression analysis calculated the probability for AKI development basing on
clinic-sPD-1 and clinic-sPD-L1 risk prediction model: the probability for AKI development = 1/(1+e-z), z = 10.761–
0.124×(APACHE II score) - 0.062×(SCr at ICU admission) - 0.033×(sPD-1), and z = 10.964–0.118×(APACHE II score) -
0.046×(SCr at ICU admission) - 0.093×(sPD-L1), respectively.

Figure 5 shows the decision curves of five models (clinic, clinic-[TIMP-2]*[IGFBP7], clinic-NGAL, clinic-sPD-1,
clinic-sPD-L1) for predicting AKI development. X-axis indicates the threshold probability for AKI development, and the
Y-axis indicates the net benefit. A higher net benefit is provided by those prediction models that are farthest away from
the slanted dash grey line and the horizontal black line. The clinic-sPD-1 and clinic-sPD-L1 had the similar highest net
benefit at 10–40% of the probability threshold, which means, if a patient with a risk of AKI between 10% and 40%
warranted further therapy, AKI screening using clinic-sPD-1 or clinic-sPD-L1 might have the most benefit for high-risk

Table 2 Levels of sPD-1, sPD-L1 and Other Biomarkers in Patients with or without AKI Development

Variables All Patients
n=88

Patients without AKI
Development
n = 70

Patients with AKI
Development
n = 18

P value

Plasma sPD-1, pg/mL, median (IQR) 78 (52–118) 67 (45–99) 148 (111–188) <0.001a

Plasma sPD-L1, pg/mL, median (IQR) 42 (28–57) 37 (26–48) 68 (52–84) <0.001a

Urine NGAL, ng/mL, median (IQR) 20 (13–59) 18 (13–42) 101 (15–223) 0.003a

Urine [TIMP-2]*[IGFBP7], (ng/mL)2/
1000, median (IQR)

0.3 (0.2–0.5) 0.3 (0.2–0.4) 0.4 (0.3–0.9) 0.038a

Note: aMann–Whitney U-test.
Abbreviations: IQR, interquartile range; sPD-1, soluble programmed cell death protein 1; sPD-L1, soluble programmed death-ligand 1; NGAL, neutrophil gelatinase-
associated lipocalin; TIMP-2, tissue inhibitor of metalloproteinases-2; IGFBP7, insulin-like growth factor-binding protein 7.

Figure 4 Predictive value of sPD-1 and sPD-L1 for AKI in high-risk patients after surgery. ROCs of sPD-1 and sPD-L1 (A) were shown; ROCs of clinic model and clinic
model combined biomarkers (B) were shown.
Abbreviations: sPD-1, soluble programmed cell death protein 1; sPD-L1, soluble programmed death-ligand 1.
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patients. The net benefit of the five models tended to be similar with increasing probability threshold, and they showed
significant differences at low probability threshold.

Discussion
The kidney is susceptible to blood flow shortage and hypoxia caused by surgery due to its high metabolic activity and
vascular anatomy. IRI is a major cause of early postoperative AKI, characterized by uncontrolled renal inflammation and
tubular epithelial cell death. In our study, the bilateral renal pedicle was completely clamped by a vascular clamp for 25
minutes, and then the reperfusion model was released. From the observation of HE staining, it could be seen that the renal
tubular epithelial cell edema, interstitial thickening, and inflammatory cell infiltration occurred immediately after IRI. It had
been demonstrated that T cell was an important modulator of renal IRI.30 Compared to wild-type control mice, CD4/CD8-
deficient mice improved recovery from renal IRI, with decreased tubular necrosis and infiltrating neutrophils.31 The
mechanisms T cells might mediate renal IRI were not known. Some investigators observed that T cell adhesion on renal
tubular epithelial cells was significantly enhanced in the IRI model after exposure of tubular epithelial cells to hypoxia-
reoxygenation, which suggested a possible mechanism by which T cells might mediate postischemic renal tubular
dysfunction in vivo.31 PD-1 is related to inhibiting lymphocyte activation and can negatively regulate the activation and
proliferation of T and B lymphocytes and the production of cytokines.32 In this study, PD-1 and PD-L1 expressions were
tested by immunohistochemistry and ELISA. Although PD-1 and PD-L1 were expressed at a low level in normal kidneys,
PD-1 and PD-L1 staining were significantly enhanced in IRI kidneys of mice. In addition, the concentrations of PD-1 and
PD-L1 in IRI kidney homogenate were significantly higher than that in normal kidneys. Therefore, it is suggested that the
PD-1/PD-L1 pathway may play an important role in renal IRI.33,34

Table 3 Comparison of the ROC Curves, NRI and IDI of Combination vs Clinic Models in Predicting AKI

DeLong NRI P for NRI IDI P for IDI

Clinic vs clinic-[TIMP-2]*[IGFBP7] 0.503 0.138 0.125 0.123 0.342

Clinic vs clinic-NGAL 0.785 0.152 0.087 0.134 0.046

Clinic vs clinic-sPD-1 0.007 0.291 0.011 0.303 0.005

Clinic vs clinic-sPD-L1 0.026 0.375 0.001 0.237 <0.001

Abbreviations: sPD-1, soluble programmed cell death protein 1; sPD-L1, soluble programmed death-ligand 1; NGAL, neutrophil gelatinase-associated lipocalin; TIMP-2,
tissue inhibitor of metalloproteinases-2; IGFBP7, insulin-like growth factor-binding protein 7.

Figure 5 Decision curve for prediction of AKI using different prediction models.
Abbreviations: AKI, acute kidney injury; sPD-1, soluble programmed cell death protein 1; sPD-L1, soluble programmed death-ligand 1; NGAL, neutrophil gelatinase-
associated lipocalin; TIMP-2, tissue inhibitor of metalloproteinases-2; IGFBP7, insulin-like growth factor-binding protein 7.
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This study observed that PD-L1 expression was primarily restricted to proximal tubules, and PD-1 was predominantly
expressed in the tubulointerstitial space. As reported by others, in renal biopsies from patients with type IV lupus
nephritis, there was intense staining for PD-L1 mRNA and protein in proximal tubules, especially in areas of mono-
nuclear infiltration, and intense PD-1 staining was also detected in infiltrating mononuclear and lymphocytes cells in the
vicinity of proximal tubules.35 Therefore, it is likely that PD-L1 in tubular epithelial cells interacts with PD-1 on
infiltrated lymphocytes during renal IRI. It seems that the up-regulation of PD-1 and PD-L1 may be due to the local
immune response caused by over-activated T cells exuding into the renal tubulointerstitium during IRI. For self-
protection, the expression of PD-L1 in renal tubular epithelial cells was up-regulated and combined with PD-1 on the
surface of exudative T cells, which was conducive to limiting the excessive damage of inflammation and regulating the
homeostasis of exudative effector T cells and memory T cells.32,36

It is not feasible to obtain the patient’s kidney tissue for relevant assays in clinical practice. Therefore, we first explored
the relationship between sPD-1 in plasma and PD-1 in kidney homogenate, between sPD-L1 in plasma and PD-L1 in kidney
homogenate in animal experiments. We found that the concentrations of PD-1 and PD-L1 in kidney tissue correlated
positively with corresponding sPD-1 and sPD-L1 in plasma, which made sPD-1 and sPD-L1 possible biomarkers for
predicting AKI development after surgery among high-risk patients.

We used sPD-1 and sPD-L1 in plasma as biomarkers for the first time to investigate their predictive capacity on AKI
development after surgery in high-risk patients. Our study found that concentrations of sPD-1 and sPD-L1 in plasma were
significantly higher in patients who developed AKI after noncardiac surgery than in patients without AKI development, and
sPD-1 and sPD-L1 were independently associated with the occurrence of AKI. At present, the most widely used biomarkers
for predicting AKI are urine TIMP-2 and IGFBP7, which express in tubular cells in response to DNA damage and are
markers for G1 arrest. Urine [TIMP-2]*[IGFBP7] showed excellent ability to predict AKI, which is already approved by
FDA and commercially available in the United States. However, FDA also indicated that [TIMP-2]*[IGFBP7] had false-
positive results, and they will be magnified if the test is used inappropriately in low-risk patients. NGAL is regarded as the
early kidney tubular damage biomarkers, which concentration reaches a peak approximately 6 hours after tubular injury and
follows a dose–response curve to injury severity.37,38 However, NGAL expression lacks specificity as a biomarker. The
performance of NGAL as a diagnostic biomarker for AKI has been evaluated in adult cardiac surgery, emergency patients,
or critically ill patients.39–44 In these settings, the AUC varied significantly depending on confounding factors such as
biomarker sampling timing for AKI diagnosis, sample material, and population.45–48 NGAL increases with age and
infection and is higher in females. And its diagnostic accuracy increases with the increase of AKI severity. However,
most AKI patients in our cohort had only mild kidney injury, and the rise in NGAL expression was relatively insignificant.
Notably, sPD-L1 and sPD-1 had excellent predictive abilities for AKI in postoperative high-risk patients, with correspond-
ing AUC of 0.906 and 0.856, which were superior to urine [TIMP-2]*[IGFBP7] and NGAL.

Based on our study results, we believe that PD-L1 and PD-1 play important roles in the development of postoperative
AKI, and sPD-L1 and sPD-1 are promising biomarkers for predicting postoperative AKI, which may guide the imple-
mentation of preventive measures (optimization of fluid resuscitation and individualized hemodynamic parameters, etc) in
high-risk patients. Further studies are needed to study the active mechanism of PD-L1 and PD-1 in AKI and validate their
applicable values in the future.

Our study had some limitations. Firstly, other diseases can also affect plasma concentrations of sPD-1 and sPD-L1. In
future research, the effects of other diseases (CKD, sepsis, cancer, etc) on plasma concentrations of sPD-1 and sPD-L1
need to be further assessed in larger populations. Secondly, we did not have a validation cohort to confirm the predictive
value of sPD-L1 and sPD-L1, which should be addressed in future studies. Additionally, we did not discuss immune
checkpoint inhibitors in this study, which will be our direction in clinical research and animal experiments in the future.

Conclusion
The increased expressions of PD-1 and PD-L1 in kidney tissue of renal IRI mice suggest that they may play important
roles in the development of AKI. sPD-1 and sPD-L1 can indirectly reflect the expressions of PD-1 and PD-L1 in kidney
tissue, respectively. sPD-L1 and sPD-1 are independent risk factors of AKI development, which show excellent
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predictive ability for postoperative AKI in high-risk patients. The predictive accuracy can be improved when sPD-1,
sPD-L1 combined with clinical factors of serum creatinine at ICU admission and APACHE II score.

Abbreviations
PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; sPD-1, soluble programmed cell death
protein 1; sPD-1, soluble programmed death-ligand 1; IRI, ischemia-reperfusion injury; AKI, acute kidney injury;
NGAL, neutrophil gelatinase-associated lipocalin; TIMP-2, tissue inhibitor of metalloproteinase-2; IGFBP7, insulin-
like growth factor-binding protein 7; SD, standard deviation; KDIGO, Kidney Disease: Improving Global Outcomes;
CKD, chronic kidney disease; UO, urine output; SCr, serum creatinine; ROC, receiver operating characteristic; DCA,
decision curve analysis; IDI, integrated discrimination improvement; NRI, net reclassification improvement; HE,
hematoxylin and eosin; IHC, immunohistochemistry; GFR, glomerular filtration rate; IQR, interquartile range; COPD,
chronic obstructive pulmonary disease; BMI, body mass index; ICU, Intensive care unit; APACHE II, acute physiology
and chronic health evaluation II; SOFA, sequential organ failure assessment; AUC, area under the receiver operating
characteristic curve; MV, mechanical ventilation.
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