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Abstract

Acute kidney injury (AKI) is a major risk factor for long-term adverse outcomes, including 

chronic kidney disease. In mouse models of AKI, maladaptive repair of the injured proximal 

tubule (PT) prevents complete tissue recovery. However, evidence for PT maladaptation and 

its etiological relationship with complications of AKI is lacking in humans. We performed 

single-nucleus RNA sequencing of 120,985 nuclei in kidneys from 17 participants with AKI 

and seven healthy controls from the Kidney Precision Medicine Project. Maladaptive PT cells, 

which exhibited transcriptomic features of dedifferentiation and enrichment in pro-inflammatory 

and profibrotic pathways, were present in participants with AKI of diverse etiologies. To develop 

plasma markers of PT maladaptation, we analyzed the plasma proteome in two independent 

cohorts of patients undergoing cardiac surgery and a cohort of marathon runners, linked it to 

the transcriptomic signatures associated with maladaptive PT, and identified nine proteins whose 

genes were specifically up- or down-regulated by maladaptive PT. After cardiac surgery, both 

cohorts of patients had increased transforming growth factor–β2 (TGFB2), collagen type XXIII-

α1 (COL23A1), and X-linked neuroligin 4 (NLGN4X) and had decreased plasminogen (PLG), 

ectonucleotide pyrophosphatase/phosphodiesterase 6 (ENPP6), and protein C (PROC). Similar 

changes were observed in marathon runners with exercise-associated kidney injury. Postoperative 

changes in these markers were associated with AKI progression in adults after cardiac surgery and 

post-AKI kidney atrophy in mouse models of ischemia-reperfusion injury and toxic injury. Our 

results demonstrate the feasibility of a multiomics approach to discovering noninvasive markers 

and associating PT maladaptation with adverse clinical outcomes.

INTRODUCTION

Acute kidney injury (AKI) can affect 15 to 20% of hospitalized patients (1). Patients with 

AKI have a twofold increase in the risk of in-hospital death and a fourfold increase in 

the risk of developing chronic kidney disease (CKD) or experiencing CKD progression 

(2). Emerging evidence from mouse ischemia-reperfusion injury (IRI) models of AKI 

suggests that kidney ischemia results in substantial transcriptional changes in the proximal 

tubule (PT) (3). Although most PT cells under AKI stress can be fully repaired, a distinct 

subpopulation of PT cells enters a maladaptive, senescent phenotype that may fail to 

repair, leading to inflammation and fibrosis (3). This pathophysiological process suggests 

that PT maladaptation may mediate AKI progression, incomplete recovery, and subsequent 

development of CKD.

Despite the increasingly detailed knowledge derived from mouse AKI models, there may 

be important distinctions between humans and mice in renal tubular responses to injury (4). 

Histologically, frank necrosis is commonly seen in mouse kidneys after severe ischemia; 

however, this is uncommon in patients with AKI from acute tubular injury (5). The 

distinctions between mouse AKI models and AKI in hospitalized patients may be one of 

the reasons why promising therapies derived from preclinical animal models have failed to 

translate into therapeutic success in human trials (6–9). Unfortunately, until the launch of 

the Kidney Precision Medicine Project (KPMP) (10), large-scale tissue interrogation studies 

of human AKI have been lacking. In addition, the invasive nature of kidney biopsy and the 

lack of noninvasive assessment of PT maladaptation have created an opportunity to identify 
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noninvasive markers of PT maladaptation and to associate such markers with adverse 

clinical endpoints of AKI. Therefore, in this study, we aimed to investigate transcriptional 

changes in PT cells in response to injury in hospitalized patients with AKI. In addition, 

we developed a multiomics approach that integrates the kidney transcriptome and plasma 

proteome to identify markers of PT maladaptation and determine their associations with 

severe AKI in patients undergoing cardiac surgery. We hypothesized that maladaptive PT 

cells that are enriched in pro-inflammatory and profibrotic pathways would be observed 

in hospitalized patients with AKI caused by diverse etiologies. We also postulated that in 

patients undergoing cardiac surgery, plasma proteins linked to the transcriptomic signatures 

of maladaptive PT cells would be associated with the development of severe AKI, as well as 

post-AKI kidney atrophy in mouse models of AKI.

RESULTS

Single-nucleus RNA sequencing reveals diverse PT cell phenotypes in human AKI

We used single-nucleus RNA sequencing (snRNA-seq) to profile 120,985 nuclei from 

kidney biopsy samples from 17 participants with AKI and seven healthy participants, 

including data from 13 participants (six with AKI and seven healthy references) that 

were published previously and 11 participants with AKI whose data were unpublished 

(data file S1) (10). The median number of unique molecular identifiers per nucleus 

was 2941 [interquartile range (IQR): 2069 to 3620], and the median number of genes 

detected per nucleus was 1720 (IQR: 891 to 2843) (data file S2). Among participants 

with AKI, 11 (64.7%) were male and 6 (35.3%) self-identified as Black. The baseline 

serum creatinine was 1.23 mg/dl, 13 (76.5%) participants had stage 3 AKI, and 16 

(94.1%) participants received a kidney biopsy after their serum creatinine concentration 

had peaked, with a median time from AKI diagnosis to biopsy at 7 days (IQR: 4 

to 10). Fourteen (82.4%) participants had an acute tubular injury from various causes, 

such as nonsteroidal anti-inflammatory drugs, antibiotics, sepsis, coronavirus disease 2019 

(COVID-19), rhabdomyolysis, and oxalate nephropathy. The demographic and clinical 

characteristics of participants with AKI and healthy references are presented in detail in 

data file S1.

Using unsupervised clustering, we identified clusters of all major kidney, stromal, and 

immune cell types in participants with and without AKI (Fig. 1, A and B). We focused our 

analysis on PT cells, which included six subclusters, two of which (PT.S1S2 and PT.S3) 

were enriched in mature PT markers (SLC5A12, SLC22A6, SLC22A7, and SLC7A13) (Fig. 

1, C to E, and data file S3). Gene set enrichment analysis (GSEA) of these two subclusters 

demonstrated enrichment in Gene Ontology terms involved in the physiological function of 

PT cells, such as organic anion transport and fatty acid metabolism (Fig. 1F and data file 

S4), consistent with their relatively healthy states. The proportion of cells belonging to the 

healthy PT subclusters was greater in samples from healthy references but diminished in 

samples from participants with AKI, indicating a shift in the phenotypes of PT cells during 

AKI (Fig. 1E).

Among the four subclusters of PT cells with decreased expression of mature PT 

markers (Fig. 1D and data file S3), we observed a subcluster of PT cells enriched in 
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proliferation markers (TOP2A and MKI-67). The other three subclusters exhibited two 

distinct phenotypes based on gene expression patterns and pathway analysis. In severely 

injured PT cells, there was substantial up-regulation of markers of cellular stress (SPP1), 

iron hemostasis (FTH1 and FTL), injury [SRY-Box transcription factor 4 (SOX4) and 

CD24], MHC class I (HLA-A, HLA-C, and HLA-E), and MHC class II (CD74 and 

HLA-DRA). GSEA of this subcluster indicated prominent immune system activation and 

apoptosis associated with severe injury. The other two PT subclusters had lost their 

differentiated states and expressed the injury markers hepatitis A virus cellular receptor 

1 (HAVCR1) and vascular cell adhesion molecule 1 (VCAM1). The expression of canonical 

PT markers (CUBN and LRP2) and solute transporters was markedly diminished in one 

cluster (PT.maladaptive), indicating its advanced dedifferentiated state. GSEA of these two 

subclusters of de-differentiated PT cells demonstrated enrichment in nephron regeneration 

and Notch signaling pathways (Fig. 1F and data file S4). The terminally dedifferentiated 

subcluster was additionally enriched in genes associated with immune activation and 

migration, extracellular matrix adhesion, and fibroblast activation. We refer to the terminally 

dedifferentiated subcluster hereafter as maladaptive PT because it exhibited similar marker 

gene expression (VCAM1, HAVCR1, and DCDC2) and pathway enrichment as the mouse 

“failed to repair” PT described in a previous study in mice (3). In addition to the pro-

inflammatory and profibrotic signature, we observed the up-regulation of ACSL4 and 

down-regulation of GCLC, GSS, and GPX4 (Fig. 1G), indicating potential activation of 

the ferroptosis pathway and loss of the capacity to remove toxic polyunsaturated fatty acid–

phospholipid hydroperoxides (11). There was also a concurrent increase in the expression of 

necroptosis markers, such as death receptors (FAS, TNFRSF10A, and TNFRSF10B) and the 

necroptotic executioner MLKL (Fig. 1H).

Despite various etiologies and severities of AKI and heterogeneity in the timing of kidney 

biopsy, we observed similar enrichment of severely injured and maladaptive PT cells as 

well as diminished proportions of healthy PT cells in participants with AKI, indicating 

potentially common responses to insult at the transcriptional level in PT cells (Fig. 1E). 

One participant (non-COVID AKI #8) had completely recovered kidney function at the 

time of kidney biopsy; however, there was still a considerable proportion of injured and 

maladaptive PT cells. Furthermore, injured and maladaptive PT cells were seen in healthy 

controls. Preclinical studies have shown that failed-to-repair, maladaptive PT cells constitute 

approximately 5% of PT cells in healthy mice (3, 12). The proportion becomes higher with 

increased age and comorbidities, such as diabetes. The high prevalence of severely injured 

and maladaptive PT in our healthy controls could be due to advanced aging, subclinical 

vascular disease, and hemodynamic fluctuation during anesthesia (data file S1).

Gene regulatory network analysis identifies distinct regulators activated in PT cells in 
healthy and diseased states

We next used pySCENIC to explore whether the gene regulatory structure (regulons) in PT 

cells in diseased states was deranged compared with the healthy state in participants with 

AKI. Similar to several mouse AKI studies, we observed enrichment of regulons [hepatic 

nuclear factor 1α (HNF1A), hepatic nuclear factor 4α (HNF4A), nuclear receptor subfamily 

1 group H member 3 (NR1H3), retinoid X receptor α (RXRA), MAF, and MLXIPL] 
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involved in promoting and maintaining PT cell differentiation, stabilizing mitochondrial 

structure, and maintaining mitochondrial lipid metabolism in PT cells in healthy states (Fig. 

2A and data files S5 and S6) (13–17). RXRA is also known to protect tubules from oxidative 

stress and prevent the AKI-to-CKD transition (18). Regulon enrichment altered substantially 

as PT cells progressed toward the maladaptive state. Specifically, maladaptive PT cells were 

enriched in SOX4, a key regulator promoting nephrogenesis, and signal transducer and 

activator of transcription 5α (STAT5A), which drives abnormal tubular cell growth (19–21). 

Consistent with the profibrotic and pro-inflammatory signatures from GSEA, maladaptive 

PT up-regulated TEA domain transcription factor 2 (TEAD2), a regulator governing 

the epithelial-to-mesenchymal transition, and interferon regulatory factor 8 (IRF8), a 

transcription factor promoting inflammatory responses (22, 23). As a comparison, severely 

injured PT cells activated regulators of the response to an inflammatory milieu [CEBPB and 

high mobility group box 2 (HMGB2)] as well as regulators driving endoplasmic reticulum 

stress (HES1 and XBP1) and apoptosis in diseased states (HMGB2 and IRF6) (24–27). The 

expression of regulons across PT cells in healthy and diseased states was consistent with the 

cellular enrichment estimated from pySCENIC (Fig. 2B). Examining the 10 most-enriched 

regulons across each PT subcluster demonstrated distinctions in the regulatory networks 

across PT cells at different states of health (Fig. 2C).

We next examined the top 10% of transcription factor–target gene pairs reconstructed 

by Epoch and applied Louvain unsupervised clustering for community detection of key 

regulatory modules (28). Each community represented a group of transcription factors 

coregulating a set of target genes (Fig. 2D). Consistent with previous findings, we observed 

coregulation of target genes by HNF4A, HNF1A, and NR1H3, all of which were enriched 

in healthy PT cells. In maladaptive PT cells, SOX4 and STAT5A formed a coregulation 

network with TEAD2 and IRF8 and governed the expression of a group of target genes, 

suggesting that inflammation and fibrosis are associated with the activation of aberrant 

nephron regeneration during the repair process.

A multiomic investigation identifies markers of PT maladaptation and PT cells in healthy 
states

To determine the associations between PT maladaptation and severe AKI, we next aimed 

to determine whether we could identify plasma proteins that are specific to maladaptive 

PT cells. Using differentially expressed genes from maladaptive PT cells in KPMP 

participants with AKI and proteins measured in 322 adults undergoing cardiac surgery 

in the translational investigation of biomarker end-point of AKI (TRIBE-AKI) cohort, 

we developed a workflow to identify candidate markers of PT maladaptation (Fig. 3, A 

and B). For genes up-regulated by PT maladaptation, we identified 293 genes that had 

plasma proteins measured using SomaScan aptamer assays. Among these 293 proteins, 122 

increased after cardiac surgery, and 39 were higher in patients who developed stages 2 and 

3 AKI (hereafter referred to as severe AKI). We further examined the gene expression of 

these 39 proteins in KPMP participants and identified four proteins that were relatively 

specific to maladaptive PT cells as candidate markers of PT maladaptation (Fig. 4A and fig. 

S1). We also identified 320 genes that were down-regulated as PT cells progressed from 

healthy to maladaptive states and measured the encoded proteins using SomaScan. Among 
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these, 192 proteins were lower postoperatively, and 38 were lower in patients who developed 

severe AKI. We further examined the expression of the genes encoding these 38 proteins 

in KPMP participants and identified 5 that were specifically enriched in healthy PT cells 

and down-regulated in maladaptive PT cells (Fig. 4A and fig. S2). These proteins may be 

viewed as markers of PT cells in healthy states and inverse markers of PT maladaptation 

(a higher level indicates a lower degree of PT maladaptation). The expression patterns of 

these proteins were consistently seen in kidney biopsy tissues in three recently enrolled 

KPMP participants with AKI who were not included in the tissue interrogation and marker 

discovery phase, as well as in postmortem kidney tissues in an independent cohort of eight 

critically ill patients with AKI (figs. S3 and S4) (29).

Table 1 displays the baseline characteristics of TRIBE-AKI adult participants with and 

without severe AKI. Among 322 participants, 47 developed severe AKI. The median 

age of all participants was 73 years, and 71.7% were male and 94.1% were white. The 

median baseline estimated glomerular filtration rate (eGFR) was 68.2 ml/min per 1.73 

m2, and the median baseline urine albumin-creatinine ratio (ACR) was 15 mg/g. Pre- and 

postoperative protein concentrations and their fold changes are shown in table S1 and Table 

2, respectively.

Using multivariable logistic regression with sequential adjustment of covariates, we 

observed strong and positive associations between postoperative maladaptation markers and 

the development of severe AKI. X-linked neuroligin 4 (NLGN4X), collagen type XXIII-α1 

(COL23A1), and transforming growth factor–β2 (TGFB2) were significantly associated 

with increased odds of severe AKI in all models (P < 0.05 for all models; Table 3), including 

model 5, which adjusted for preoperative marker concentrations. In general, the increase of 

plasma markers in kidney disease may be caused by the decrease in GFR and thus may 

lead to spurious associations (reverse causation). However, the preoperative concentrations 

of these proteins were not correlated with preoperative eGFR, suggesting a lack of reverse 

causation (table S2). In a subset of 54 TRIBE participants who had urine samples collected 

before and after surgery for proteomic profiling, there were significant increases in urine 

NLGN4X and COL23A1 postoperatively (P < 0.001 for both markers) but no change in 

TGFB2 excretion (table S3).

Regarding the five markers of PT cells in healthy states, we observed that postoperative 

ectonucleotide pyrophosphatase/phosphodiesterase 6 (ENPP6), protein C (PROC), and 

plasminogen (PLG) were inversely associated with the development of severe AKI (a lower 

plasma concentration indicated a higher risk of severe AKI; Table 3). Three plasma markers 

of PT cells in healthy states could also be measured in the urine by SomaScan aptamer 

assays. Excretion of both PLG and afamin (AFM) significantly increased after cardiac 

surgery (P < 0.01 for both markers), and excretion of PROC was significantly higher (P < 

0.01) after being indexed to urine creatinine to account for urine dilution (table S3), which 

may be due to shedding from healthy PT cells after injury. When added to known markers 

of kidney diseases, markers of PT maladaptation and PT cells in healthy states could further 

enhance the predictive performance for AKI (table S4).
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We validated these plasma proteins as indicators of PT maladaptation and PT cells in 

healthy states in two independent cohorts. The pediatric cardiac surgery cohort comprised 68 

participants undergoing surgery for the repair of congenital heart disease, with a median age 

of 41 months (IQR: 6 to 84), including 37 girls (54.4%). We observed significant increases 

in plasma TGFB2, COL23A1, and NLGN4X (proteins of PT maladaptation) and significant 

decreases in plasma ENPP6, PLG, and PROC (proteins of PT cells in healthy states) after 

cardiac surgery, similar to the findings in their adult counterparts (P < 0.05 for all markers; 

Table 2 and table S1). Next, we compared these proteins in 39 participants at high risk of 

exercise-associated tubular injury before and immediately after running a marathon (30). 

The median age of the marathon runners was 42 (IQR: 33 to 51) years, 21 (53.8%) were 

women, 2 (5.1%) participants had hypertension, and 1 (2.6%) had diabetes. We observed 

significant increases in plasma TGFB2 and NLGN4X and significant decreases in plasma 

PLG and PROC after the marathon, consistent with our findings from the two cardiac 

surgery cohorts (P < 0.0001 for these four markers; Table 2 and table S1).

Reverse translational investigation validates markers of PT maladaptation and PT cells in 
healthy states in mouse models of ischemic and toxic AKI

To further validate the associations between these proteins and the maladaptive response to 

AKI of different causes, we conducted a reverse translational investigation and compared 

the mRNA expression of these markers (Col23a1, Tgfb2, Enpp6, and Proc) in two different 

mouse models of IRI followed by either repair or atrophy, as well as in a mouse model of 

toxic aristolochic acid nephropathy (AAN) presenting as AKI-to-CKD transition (31). Plg 
and Nlgn4 were excluded from this analysis because their expression was very low and 

undetectable, respectively, based on publicly available single-cell and snRNA-seq datasets 

from injured mouse kidneys (fig. S5) (3, 32).

In the setting of mouse kidney IRI, reverse transcription polymerase chain reaction (RT-

PCR) of whole-kidney mRNA revealed that Tgfb2 had higher expression in the setting of 

progressive kidney fibrosis and atrophy (P < 0.0001 for both time and model factors using 

two-way ANOVA; Fig. 4, B to F), whereas the expression of Enpp6 and Proc (markers 

expressed by PT cells in healthy states) increased in the setting of kidney repair [P < 0.0001 

(time factor) and P = 0.0916 (model factor) for Proc, P < 0.0001 for both time and model 

factors for Enpp6; Fig. 4, B to F]. The continuous increase in gene expression of Tgfb2 
and the sustained decreases in Enpp6 and Proc during progressive kidney fibrosis indicated 

an unresolved, maladaptive response in the kidney, beyond the immediate repair phase of 

IRI. Moreover, Tgfb2 had strong, positive correlations with known fibrosis markers (Col1a1, 

Col3a1, Fn1, Pdgfb, and Acta2), and Enpp6 and Proc had moderate to strong negative 

correlations with fibrosis (fig. S6 and table S5). In the AAN model, we also observed a 

progressive increase in Tgfb2 expression, as well as continuing decreases in Enpp6 and Proc 
expression as mice progressed from AKI to CKD (Fig. 4, G to L). These RT-PCR results 

were consistent with results from a different model of repeated AKI leading to CKD from 

aristolochic acid (33) and results from our IRI models (fig. S7). These results in mouse 

models of AKI were largely similar to findings from human AKI kidney biopsies and further 

supported the association of these markers with maladaptive repair after diverse causes of 

injury to the kidney. Col23a1 expression in both the IRI and AAN models was low. It did 
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not differ between the repair and atrophy models at 30 days after IRI and decreased from 

baseline in the AAN model.

In summary, our transcriptomic investigation demonstrated that maladaptive repair in PT 

cells is a shared response to injury in hospitalized patients with AKI of diverse causes. 

Furthermore, we identified plasma NLGN4X, COL23A1, and TGFB2 as markers that 

increased in the setting of PT maladaptation after cardiac surgery, whereas plasma ENPP6, 

PLG, and PROC serve as markers of PT cells in healthy states that diminish in the setting of 

maladaptive repair after injury.

DISCUSSION

During the process of AKI progression, incomplete recovery, and AKI-to-CKD transition 

in mice, some injured PT cells from AKI undergo dedifferentiation but then fail to 

redifferentiate and recover normal function. These PT cells exhibit a maladaptive profile, 

lose their physiological function, enter a senescent cell-cycle arrest phase, activate 

programmed cell death pathways, and eventually form atrophic tubules (32, 34). In 

addition, maladaptive PT cells persistently produce and secrete profibrotic factors and 

recruit and activate the transition of pericytes and fibroblasts into myofibroblasts, leading 

to the production of matrix material and fibrosis (35). Our study demonstrated that PT 

maladaptation is similarly present in human AKI. In these maladaptive PT cells, we further 

identified that the activation of regulators involved in maladaptive tubular cell growth, 

such as SOX4 and STAT5A, was accompanied by a close coregulation network with 

pro-inflammatory and profibrotic mediators (36). Whether therapeutic intervention halting 

this maladaptive repair process can attenuate the risk of severe AKI and the AKI-to-CKD 

transition requires further investigation.

PT maladaptation was widely present in participants with AKI of diverse etiologies, 

suggesting a shared response to injury in tubular cells. This is consistent with observations 

from mouse models of ischemic and toxic AKI, in which injured PT cells enter the senescent 

and maladaptive phenotype and mediate interstitial fibrosis (33, 37). In addition, a large 

proportion of maladaptive PT cells were observed in the participants who had completely 

recovered kidney function at the time of kidney biopsy. In mice, serum creatinine may 

return to near baseline within 7 days after kidney injury; however, the maladaptive process 

may persist for weeks (37, 38). Taking these results together, therapies may need to be 

initiated and maintained for an extended period, perhaps months after AKI, to prevent the 

AKI-to-CKD transition.

Kidney tissue interrogation allows the identification of PT maladaptation for in-depth 

mechanistic investigation. However, the invasive nature of the kidney biopsy procedure 

makes it challenging to apply this tissue interrogation to large cohorts of patients. This 

highlights the importance of developing sensitive and noninvasive markers to measure this 

maladaptive repair process occurring in the kidney tissue. These markers may characterize 

the prevalence of PT maladaptation and establish its etiological associations with clinical 

complications of AKI in large cohorts of patients. They may also serve as potential 
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pharmacodynamic endpoints for early investigation of targeted therapeutics in preventing 

complications of AKI.

With this motivation, we developed a workflow to integrate findings from snRNA-seq 

with the plasma proteome in patients at high risk of AKI from cardiac surgery. The 

discovery of markers by integrating these two different cohorts, instead of using only the 

kidney biopsy cohort, is primarily due to the small sample size of patients with available 

transcriptomic data. Our snRNA-seq analysis demonstrates that the PT maladaptation 

phenotype may be shared across different patient populations with diverse causes of AKI, 

further suggesting the feasibility of this integrative approach. We identified multiple markers 

of PT maladaptation associated with AKI progression. Tubular epithelial expression of TGF-

β plays a critical role in developing interstitial fibrosis after AKI (39). Although the TGFB2 

isoform is not well described in AKI, it is implicated in the epithelial-to-mesenchymal 

transition in cancer cells, potentially by interacting with the urokinase PLG activator (40). 

NLGN4X and COL23A1, although not yet described in kidney disease, may be involved 

in cellular junction and extracellular matrix formation. These proteins may potentially arise 

from post-injury fibrosis (41, 42). The associations between AKI and these markers of cell 

adhesion, migration, and extracellular matrix material are consistent with the profibrotic 

profile of PT maladaptation. In addition, we identified multiple markers of the successful 

repair of injured PT cells. PLG and PROC have been shown to alleviate fibrosis and 

inflammation after renal IRI (43, 44). ENPP6 is involved in the extracellular degradation 

of glycerophosphocholine to provide choline intracellularly but has not yet been reported 

in kidney disease (45). These results suggest that the markers found in our study may not 

only have prognostic value but may also provide potential mechanistic insights into the 

maladaptive repair of PT cells in the progression of AKI.

Although we could not validate the correlation between these plasma proteins and gene 

expression in our kidney biopsy cohort because of its limited sample size, post–cardiac 

surgery changes in these markers were highly consistent between the two cohorts of 

adult and pediatric patients undergoing cardiac surgery. The discrepancies in two markers, 

COL23A1 and ENPP6, between marathon runners and patients undergoing cardiac surgery 

may be due to differences in the kidney’s response to these two distinct insults. Although 

marathons may be associated with volume depletion, IRI, and heat stress, cardiac surgery 

may additionally involve an enhanced inflammatory milieu from cardiopulmonary bypass 

(46, 47). In addition, upon validating markers of PT maladaptation and PT cells in healthy 

states in mouse IRI models with different repair capacities as well as a model of toxic kidney 

injury, we found that three of the four markers were associated with maladaptive changes, 

interstitial fibrosis, and kidney atrophy. The consistency of the gene expression patterns 

in ischemic and toxic AKI models further supports the stereotypical maladaptive response 

observed in human AKI of diverse etiologies. The low expression of Col23a1 and its lack of 

correlation with fibrosis, and the lack of Nlgn4 and Plg expression in mouse kidneys, could 

be due to transcriptomic differences between humans and mice and highlight the importance 

and benefit of direct interrogation of human kidney tissues.

Our snRNA-seq analysis demonstrated that maladaptive repair of PT cells may be a 

stereotypical response to injury in participants with diverse etiologies and severities of 
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AKI. In addition, a link between maladaptive tissue regeneration and inflammation may 

be explored further in mechanistic studies for potential therapeutic agent development. By 

integrating the kidney tissue transcriptome and plasma proteome, we found multiple proteins 

that reflect PT cells’ maladaptive and healthy states, which can be measured noninvasively 

to establish the etiological association between PT maladaptation and adverse outcomes 

of AKI in large cohorts of patients. Future studies can determine whether these plasma 

proteins can serve as pharmacodynamic endpoints in early-stage clinical trials investigating 

drugs targeting PT maladaptation. Our multiomics marker development pipeline may also be 

adopted in research aiming to establish associations between diseased cell states and clinical 

outcomes in other kidney diseases.

We recognize several limitations of this study. We could not assess gene expression changes 

along the temporal trajectory of PT maladaptation. This is due to the cross-sectional nature 

of kidney biopsy procedures after AKI diagnosis and interindividual variations of PT cells 

with diverse disease pathophysiology and clinical courses, which makes it challenging to 

use trajectory analysis tools. Proteomic and snRNA-seq analysis was performed in two 

different cohorts, preventing any direct correlation between plasma proteins with tissue gene 

expression. Proteomic profiling in the marker discovery cohort was performed using the 

first postoperative plasma samples. Proteins that would be released in the plasma later in 

the course of injury and maladaptation and proteins that are more likely to be excreted 

in the urine, such as kidney injury molecule-1, may not be adequately captured and may 

lead to false-negative results (48). Future studies may investigate whether additional markers 

can be identified using plasma and urine samples obtained later in the course of AKI. 

Although we validated the plasma proteomic findings in two independent cohorts of patients 

at risk of kidney injury, the small sample size of the validation cohorts and the relatively 

lower risk for clinical AKI events limit our ability to determine associations between these 

proteins and clinical AKI in the validation cohorts. Plasma proteins of PT maladaptation 

can also originate from tissues other than the kidney. However, the correlation between 

kidney expression of these markers and fibrosis in mouse models of ischemic and toxic 

AKI was reassuring. Last, protein concentration quantified by SomaScan may not align 

perfectly with those measured using targeted immunoassays, necessitating further validation 

for implementation in research and clinical practice.

Our transcriptomic investigation in human and preclinical experiments demonstrated that 

maladaptive repair in PT cells is a shared response to injury from various causes. 

Furthermore, we identified three plasma proteins—NLGN4X, COL23A1, and TGFB2—that 

can serve as markers of PT maladaptation, whereas plasma proteins ENPP6, PLG, and 

PROC signify healthy states of PT cells. These markers may improve the prognostication of 

complications after AKI and potentially serve as pharmacodynamic endpoints to facilitate 

drug development in AKI. Our discovery approach combining multiomics methods can 

also assist with etiological associations between healthy or altered cell states and clinical 

outcomes in other kidney diseases.
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MATERIALS AND METHODS

Study design

This study aimed to elucidate the transcriptomic landscape of PT cells in human AKI, 

identify plasma proteomic signatures linked to the maladaptive process, and determine 

their associations with progression to severe AKI after cardiac surgery. We performed 

snRNA-seq analysis of hospitalized participants with AKI in the KPMP study. KPMP 

is an ongoing, prospective, observational cohort of participants with AKI and CKD 

receiving kidney biopsies sponsored by the National Institute of Diabetes, Digestive and 

Kidney Diseases (10). Participants with AKI were recruited if they developed AKI during 

hospitalization and had baseline eGFR > 45 ml/min per 1.73 m2. AKI was defined as an 

increase in serum creatinine by 50% from their baseline, defined as the nearest outpatient 

serum creatinine concentration 7 to 365 days before hospitalization. Kidney biopsies were 

obtained from 13 hospitalized participants with AKI who consented to research biopsies 

at four recruitment sites across the United States: Johns Hopkins Hospital, Yale–New 

Haven Hospital, University of Pittsburgh Medical Center, and Columbia University Medical 

Center. Additional kidney biopsies were obtained from four hospitalized participants 

with COVID-19–associated AKI at Johns Hopkins Hospital. Healthy reference tissues 

were obtained from nontumor regions of kidney tissue after tumor nephrectomy in three 

participants and from intraoperative kidney biopsy in four participants undergoing urological 

procedures for nephrolithiasis removal in the Human BioMolecular Atlas Program 

(HuBMAP) consortium at Washington University at St. Louis. Tissue processing and single-

nucleus isolation were performed at Washington University in St. Louis according to the 

published protocol of the KPMP consortium (10). SnRNA-seq data from 6 of 17 participants 

with AKI were published in a kidney atlas study by the KPMP consortium (10), whereas 

data from the other 11 participants with AKI are new.

Our next goals were to link the maladaptive response in kidney tissue to the plasma 

proteome to identify PT maladaptation markers and to determine their associations with 

AKI. Although it may be more biologically plausible to discover markers in the urine, which 

the tubular cells directly face, the coverage of proteomic profiling may be low when the 

overall urine protein concentration is low. In addition, a recent study demonstrated that 

many markers of kidney injury, initially found in the urine, can be measured in the blood 

and may have better prognostic performance (49). We used samples from the TRIBE-AKI 

adult study cohort, a multicenter prospective cohort study of adults who underwent cardiac 

surgery in North America from July 2007 to December 2010 (48). Patients were recruited 

before cardiac surgery if they were at high risk of developing postoperative AKI and were 

followed from enrollment until death or development of end-stage kidney disease. Although 

the TRIBE-AKI study was among the first few pioneering studies exploring the prognostic 

values of kidney disease markers in AKI, the proteomic data are newly generated, and this is 

the first investigation of proteomic data with AKI in this cohort.

We validated the proteomic findings in two independent cohorts. The first validation cohort 

was the pediatric cardiac surgery study cohort, a multicenter prospective cohort of children 

who underwent cardiac surgery for the repair of congenital heart disease in North America 
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from 2007 to 2010. Children were excluded if they had a history of kidney transplantation or 

dialysis (50). The second validation cohort comprised marathon runners participating in the 

2015 Hartford Marathon (CT, US) (30). Adult runners with normal body mass indexes (18.5 

to 24.9 kg/m2) and at least 3 years of running experience and regular training were included. 

Runners were excluded if they had any history of kidney disease or participated in another 

marathon within 4 weeks before the 2015 Hartford Marathon. Given the observational 

nature of our cohort studies, randomization, blinding, and sample size calculation were not 

performed.

We validated the gene expression of markers of maladaptive PT and PT cells in healthy 

states in three KPMP participants with AKI who were recently enrolled and were not 

included in the discovery phase, as well as in kidney autopsy tissues from a cohort of 

critically ill patients with AKI published by Hinze et al. (29). We further validated the 

gene expression of identified markers in two mouse models with different repair capacities 

after IRI (repair and atrophy models) (31) and in a mouse model of AAN presenting as 

AKI-to-CKD transition. Samples from all human participant research studies were collected 

after informed consent and with the approval of the local IRBs, and the Yale University 

Animal Care and Use Committee approved all animal protocols.

Human snRNA-seq data library preparation, preprocessing, and analysis

We used the Cell Ranger 7.0 pipeline to align snRNA-seq FASTQ files to the human 

hg38 reference genome. We used CellBender to remove ambient RNA contamination and 

DoubletDetection to remove doublets (51, 52), then excluded low-quality nuclei with fewer 

than 200 or more than 7500 genes detected (10). Details of the snRNA-seq processing 

procedure are described in Supplementary Materials and Methods (53).

We focused our analysis on PT subclusters. We obtained differentially expressed genes 

for each PT subcluster by comparing gene expression in that subcluster with that of other 

subclusters using the Wilcoxon test and accounting for multiple comparisons using the 

false discovery rate. We included all differentially expressed genes and performed GSEA 

using the FGSEA package (54) (preprint). We defined PT maladaptation as PT cells with 

near-complete dedifferentiation and enrichment of pro-inflammatory and profibrotic genes 

and pathways.

Gene regulatory network analysis

We used pySCENIC for gene regulatory network analysis for PT cells after retaining 

4247 highly variable genes (minimal dispersion 0.4 using Scanpy) (55, 56). We generated 

coexpression networks via Epoch and cis-regulatory networks of PT nuclei with the human 

hg38 reference genome (28). We obtained the gene-motif ranking of 10 kb around the 

transcription start site (57). We plotted the top 10% of transcription factor–target gene pairs 

using igraph and performed community detection using Louvain clustering. All snRNA-seq 

analyses were performed in R 4.1.2 and Python 3.7.
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Discovery and validation of plasma markers of PT maladaptation and PT cells in healthy 
states

Sample collection, processing, and proteomic measurements in the three patient cohorts are 

described in detail in Supplementary Materials and Methods (30, 48, 50). The primary 

outcome of our analysis is severe AKI [Kidney Disease Improving Global Outcome 

(KDIGO) stages 2 and 3] in adult patients undergoing cardiac surgery in the TRIBE-AKI 

cohort. We define stage 2 AKI as a twofold increase in serum creatinine from baseline to the 

peak postoperative value. We define stage 3 AKI as a threefold increase in serum creatinine 

from baseline to the peak post-operative value or requiring kidney replacement therapy.

Validation of markers of PT maladaptation and PT cells in healthy states in kidney tissues 
from individuals with AKI

The prospective KPMP cohort allowed us to internally validate the expression of identified 

markers in three recently enrolled participants whose snRNA-seq data were not included in 

the discovery phase. In these three participants, snRNA-seq libraries were prepared using 

the approach described earlier. We used the metadata from 17 participants with AKI from 

the discovery phase as a reference and predicted PT cell subtypes using pySingleCellNet, a 

random forest–based classifier (58). In addition, we downloaded an snRNA-seq library of 

postmortem kidney tissues from an independent cohort of eight critically ill patients with 

AKI published by Hinze et al. (GSE210622) (29) and performed clustering of PT cells using 

the approach discussed by these investigators. Gene expression patterns of these markers 

were explored in the internal and external validation cohorts.

Animal surgery and experimental protocol

The Yale University Animal Care and Use Committee approved all animal protocols. Male 

C57BL/6 (Envigo, Indianapolis, IN) wild-type mice (aged 9 to 11 weeks) were used in this 

work.

To establish the unilateral IRI (atrophy) model, warm renal ischemia was induced using a 

nontraumatic microaneurysm clip (FST Micro Clamps, Foster City, CA) on the left renal 

pedicle for 27 min, leaving the right kidney intact. To establish the unilateral IRI with the 

contralateral nephrectomy (repair) model, the right kidney was surgically removed at the 

time of left kidney ischemia, as we have previously described (31). Mice were euthanized on 

days 1, 7, 14, and 30 after surgery (n = 9 or 10 per time point for each model). Control mice 

were euthanized and represented as day 0 (n = 9).

To establish a mouse model of AAN, 14 mice were treated with a single 5 mg/kg body 

weight dose of aristolochic acid (Sigma-Aldrich) intraperitoneally, and four mice were 

treated with a vehicle. After injection, blood was collected on days 3, 7, 10, 14, and 21. 

Seven AAN-treated mice were euthanized, and kidneys were harvested after injection on 

days 7 and 21. Mice treated with the vehicle were used as experimental controls and 

were offered on day 21 after injection. Blood urea nitrogen was measured using Stanbio 

Diagnostic Set (Thermo Fisher Scientific). In addition, we downloaded a publicly available 

snRNA-seq dataset of mouse AAN kidneys (33) and compared gene expression of markers 

between the kidney fibrosis phase (day 28) and baseline.
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Quantitative PCR analysis

Whole-kidney RNA was extracted with an RNeasy Mini kit (Qiagen, 

Germantown, MD) and reverse-transcribed using the iScript cDNA Synthesis 

Kit (Bio-Rad Laboratories). Gene expression analysis was determined by 

quantitative real-time PCR using an iCycler iQ (Bio-Rad Laboratories) and 

normalized to hypoxanthine-guanine phosphoribosyltransferase (Hprt). Primers used 

include mouse Col23a1 (forward: GGCATAAGTGATCCTCAGACATAA and reverse: 

AGTTGGCGCATCCCATAAA), Enpp6 (forward: GGAACACATGACCGTGTATGA 

and reverse: TCTCTCGACTCT CTGCTATGAA), Tgfb2 (forward: 

AGAGGGATCTTGGATGGAAATG and reverse: TGAGGACTTTGGTGTGTTGAG), 

Proc (forward: CCTCAAACGAGACACAGACAGACTTAG and reverse: 

GATCATACTCACCAAGCCTCAC), and Hprt (forward: CAGTACAGCCCCAAAATGGT 

and reverse: CAAGGGCATATCCAACAACA). Data were expressed using the comparative 

threshld cycle (ΔCT) method and mRNA ratios were given by 2-ΔCT.

Statistical analysis

We reported descriptive characteristics of 322 TRIBE-AKI participants with and without 

the primary outcome using medians (IQR) and proportions. We compared descriptive 

characteristics using Wilcoxon tests and chi-square tests.

To identify markers of PT maladaptation and PT cells in healthy states, we first selected 

differentially expressed genes that have an average log2 fold change > 0.25 in the 

maladaptive PT cell sub-cluster and subclusters of PT cells in healthy states and selected 

corresponding proteins measured by SomaScan. We used pairwise Wilcoxon tests to 

compare the median concentration of plasma proteins in postoperative versus preoperative 

samples and used Wilcoxon tests to compare the median concentration of proteins in 

patients who did versus did not develop severe AKI in TRIBE-AKI participants. We 

additionally determined correlations between preoperative maladaptation markers and 

baseline eGFR using Spearman correlation.

To determine associations between markers of PT maladaptation and markers of PT cells in 

healthy states and the primary outcome in TRIBE-AKI adult participants, we used logistic 

regression with sequential adjustment of covariates. Model 1 was the univariable model, 

including postoperative markers only. Model 2 adjusted for age, sex, and race. Model 

3 additionally adjusted for baseline eGFR, hypertension, diabetes mellitus, myocardial 

infarction, and heart failure. Model 4 additionally adjusted for baseline urine ACR. Model 5 

additionally adjusted for preoperative marker concentrations.

We next determined whether markers of PT maladaptation and PT cells in healthy 

states can further improve the prediction of severe AKI beyond other kidney disease 

markers (kidney injury molecule-1, neutrophil gelatinase–associated lipocalin, and soluble 

urokinase plasminogen activator receptor) and other clinical variables (age, sex, Black 

race, preoperative eGFR, ACR, hypertension, diabetes, myocardial infarction, and heart 

failure). We compared the area under the curve of the logistic regression models using 

1000 bootstrap samples. We compared the protein concentrations in the first postoperative 
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urine samples with the preoperative samples for the subset of 54 TRIBE-AKI adult 

participants who had urine collected for proteomic profiling. For validation in pediatric 

cardiac surgery participants, we compared protein concentrations in the first postoperative 

samples versus preoperative samples. For validation in marathon runners, we compared 

protein concentrations in the immediate postrace samples versus the prerace samples. We 

performed these comparisons using pairwise Wilcoxon tests.

For our mouse models of IRI followed by repair and atrophy, we used two-way analysis 

of variance (ANOVA) (GraphPad Prism 8) for model comparison to test whether there was 

a difference between the models and in the time course, followed by Šidák posttests for 

subgroup comparison at each time point. In addition, we determined Pearson’s correlation 

in gene expression of identified markers with fibrosis markers in the recovery phase of AKI 

(days 7, 14, and 30). For the mouse model of AAN, we used ANOVA followed by Tukey 

tests for comparisons across subgroups and Student’s t tests to determine the difference 

between gene expression in the AKI (7 days) and CKD phases (21 days) compared with 

baseline. We conducted a complete case analysis and considered a two-sided P < 0.05 as 

statistically significant. All statistical analyses were performed using R version 4.1.2.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. SnRNA-seq analysis of 17 participants with AKI and seven healthy references from the 
KPMP cohort identifies PT cells at different states of health.
(A) Uniform manifold approximation and projection (UMAP) of 120,985 kidney epithelium, 

stroma, and immune cell nuclei. (B) Dot plot of canonical marker gene expression of major 

kidney cell types. (C) UMAP of PT subclusters. (D) Dot plot of marker gene expression 

of PT subclusters in the overall biopsy cohort. (E) Bar plot of PT subcluster composition 

in 17 participants with AKI and seven healthy references. (F to H) Dot plot displaying 

enriched Gene Ontology pathways (F), genes involved in ferroptosis pathways (G), and 

genes involved in necroptosis pathways (H) among PT subclusters. CD, collecting duct; 

CNT, connecting tubule; DC, dendritic cell; DCT, distal convoluted tubule; EC, endothelial 

cell; Fib, fibroblast; Glom, glomerulus; ICA, intercalated cell of collecting duct type A; 

ICB, intercalated cell of collecting duct type B; Mac, macrophage; MD, macula densa; Mes, 

mesangial cell; Mono, monocyte; PC, principal cell of collecting duct; Per, pericyte; Pod, 

podocyte; TAL, thick ascending limb of loop of Henle; TL: thin limb of loop of Henle.
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Fig. 2. Gene regulatory network analysis of PT subclusters in 17 participants with AKI 
demonstrates distinct regulatory networks in PT cells at different states of health.
(A) Heatmap depicting average regulon enrichment in each PT subcluster. (B) Average 

expression of selected regulons enriched in each PT subcluster. (C) Heatmap demonstrating 

unsupervised clustering of PT subclusters by the top 10 regulons from each subcluster. (D) 

Louvain clustering of the top 10% of transcription factor–target gene pairs demonstrates 

clusters of transcription factors (nodes depicted by colors) forming coregulatory networks.
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Fig. 3. Integration of the kidney tissue transcriptome in participants with AKI and plasma 
proteome in patients undergoing cardiac surgery.
(A) Workflow for identifying markers of PT maladaptation. (B) Workflow for identifying 

markers of PT cells in healthy states.
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Fig. 4. Kidney gene expression of markers of PT maladaptation and PT cells in healthy states in 
17 participants with AKI and in mouse models of AKI.
(A) Tissue gene expression of identified markers in 17 participants with AKI from the 

KPMP cohort at single-nucleus resolution. (B) Wild-type mice were subjected to unilateral 

IRI (atrophy model) or IRI with contralateral nephrectomy (repair model) (31). Quantitative 

RT-PCR analysis was performed on whole-kidney RNA harvested 0 (healthy control), 1, 7, 

14, and 30 days after injury; n = 9 or 10 kidneys per time point per model. (C to F) Gene 

expression of Tgfb2 (C), Col23a1 (D), Enpp6 (E), and Proc (F) was compared across time 

course and between the atrophy versus repair model, using two-way ANOVA followed by 

Šidák’s posttests (*P < 0.05; **P < 0.01; ****P < 0.0001 at the indicated time points). (G 
and H) Wild-type mice were subjected to intraperitoneal injection of aristolochic acid (5 

mg/kg ) (n = 14) or vehicle (n = 4). Blood samples were collected on days 0, 3, 7, 10, 14, 

and 21 for blood urea nitrogen (BUN) measurements. Quantitative RT-PCR analysis was 

performed on whole-kidney RNA harvested on days 0 (baseline), 7 (AKI phase, n = 7), and 
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21 (CKD phase, n = 7) after aristolochic acid injection, and day 21 (controls, n = 4) after 

vehicle injection. (I to L) Gene expression of Tgfb2 (I), Col23a1 (J), Enpp6 (K), and Proc 
(L) was compared using ANOVA followed by the Tukey’s test for subgroup comparison (*P 
< 0.05, ***P < 0.001, and ****P < 0.0001 comparing gene expression at AKI and CKD 

time points to baseline by Student’s t tests).
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